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ABSTRACT 
Cellȱ therapyȱ byȱ theȱ intravascularȱ routeȱ isȱ aȱ promisingȱ approachȱ forȱ theȱ treatmentȱ ofȱ
ischemicȱstroke.ȱBeforeȱtheȱtherapeuticȱpotentialȱofȱcellȬbasedȱtherapyȱcanȱbeȱrealized,ȱitȱisȱ
crucialȱ toȱ haveȱ anȱ efficientȱ homingȱ ofȱ cellsȱ inȱ theȱ injuredȱ partsȱ ofȱ theȱ brainȱ withoutȱ
complications.ȱHowever,ȱsignificantȱaccumulationȱofȱcellsȱintoȱtheȱinternalȱorgansȱhasȱbeenȱ
highlightedȱ asȱoneȱofȱ theȱmajorȱ concernsȱ afterȱ intravenousȱ cellȱdelivery.ȱ Itȱ isȱpossibleȱ toȱ
avoidȱ thisȱproblemȱbyȱ infusingȱ cellsȱviaȱ theȱ intraȬarterialȱ (IA)ȱ route;ȱ IAȱdeliveryȱ ofȱ cellsȱ
resultsȱinȱefficientȱhomingȱofȱcellsȱtoȱtheȱinjuredȱbrain.ȱThisȱthesisȱworkȱwasȱconductedȱtoȱ
assessȱIAȱdeliveryȱofȱhumanȱboneȱmarrowȱderivedȱmesenchymalȱstemȱcellsȱ(BMMSCs)ȱasȱaȱ
possibleȱtreatmentȱstrategyȱforȱenhancingȱstrokeȱrecovery.ȱȱ
Studyȱ Iȱ examinedȱ theȱ biodistributionȱ ofȱ humanȱ BMMSCsȱ afterȱ cellȱ infusionȱ
throughȱexternalȱcarotidȱarteryȱ(ECA)ȱ inȱratsȱsubjectedȱtoȱtransientȱmiddleȱcerebralȱarteryȱ
occlusionȱ (MCAO).ȱWholeȱbodyȱdistributionȱofȱ 111InȬoxineȱ labeledȱcellsȱwasȱevaluatedȱbyȱ
singleȱphotonȱemissionȱcomputedȱtomographyȱ(SPECT)ȱimmediatelyȱafterȱIAȱinfusionȱandȱ
24ȱ hȱ thereafter.ȱ IAȱ infusionȱ throughȱ theȱ ECAȱ provedȱ toȱ beȱ anȱ efficientȱ deliveryȱ routeȱ
resultingȱinȱaȱtransientȱlocalizationȱofȱcellsȱinȱtheȱinjuredȱbrain.ȱUltimatelyȱmostȱofȱtheȱcellsȱ
relocatedȱintoȱtheȱfilteringȱorgans.ȱȱ
Next,ȱitȱwasȱinvestigatedȱwhetherȱthisȱtransientȱlocalizationȱwouldȱbeȱsufficientȱ
toȱenhanceȱfunctionalȱoutcomeȱfollowingȱcerebralȱischemiaȱinȱratȱ(II).ȱSixtyȱmaleȱWistarȱratsȱ
wereȱ subjectedȱ toȱ transientȱ MCAOȱ orȱ shamȬoperation.ȱ Humanȱ BMMSCsȱ (1x106)ȱ wereȱ
infusedȱthroughȱtheȱECAȱonȱpostoperativeȱdayȱ2ȱorȱ7.ȱDuringȱtheȱfollowȬupȱofȱ42ȱdays,ȱtheȱ
sensorimotorȱ recoveryȱ inȱ ratsȱwasȱ assessedȱ usingȱ aȱ batteryȱ ofȱ testsȱ (e.g.,ȱ cylinderȱ test,ȱ
Montoya’sȱ staircaseȱ test,ȱ stickyȱ labelȱ test)ȱwhichȱ canȱ revealȱ impairedȱ forelimbȱ functions.ȱ
Humanȱ BMMSCsȱ didȱ notȱ seemȱ toȱ promoteȱ functionalȱ recoveryȱ inȱMCAOȱ ratsȱ despiteȱ
effectiveȱhomingȱ toȱ theȱ ischemicȱhemisphere,ȱwhenȱ strictȱbehavioralȱ testsȱnotȱaffectedȱbyȱ
repeatedȱtestingȱandȱcompensationȱwereȱappliedȱasȱtheȱoutcomeȱmeasure.ȱȱ
Toȱexamineȱtheȱpossibleȱfactorsȱbehindȱtheȱfailureȱtoȱobserveȱaȱtreatmentȱeffectȱ
inȱ studyȱ II,ȱ subsequentȱ experimentsȱwereȱplannedȱ (III,ȱ IV),ȱwhichȱ comparedȱ theȱwholeȬ
bodyȱbiodistributionȱandȱclearanceȱofȱratȱvs.ȱhumanȱBMMSCsȱusingȱSPECTȱ imagingȱ (III).ȱ
ThereȱwasȱaȱdifferentialȱclearanceȱobservedȱofȱratȱandȱhumanȱBMMSCsȱ fromȱ theȱbrainȱ inȱ
ratsȱsubjectedȱtoȱtransientȱMCAO,ȱevidenceȱthatȱxenograftingȱofȱcellsȱmayȱcontributeȱtoȱtheȱ
observedȱbehavioralȱresults.ȱStudyȱIVȱexaminedȱwhetherȱhumanȱBMMSCsȱcouldȱalleviateȱ
theȱ secondaryȱ pathologyȱ inȱ theȱ thalamusȱ afterȱMCAOȱ inȱ rats.ȱ Surprisingly,ȱ anȱ atypicalȱ
accumulationȱofȱbothȱamyloidȬΆȱandȱ calciumȱ inȱ theȱ thalamusȱwasȱ significantlyȱhigherȱ inȱ
ratsȱreceivingȱcellsȱatȱ48ȱhoursȱafterȱMCAOȱasȱcomparedȱwithȱtheȱMCAOȱvehicleȱgroup.ȱȱȱ
Overall,ȱitȱcanȱbeȱconcludedȱthatȱIAȱdeliveryȱisȱanȱefficientȱrouteȱforȱdeliveringȱ
theȱcellsȱintoȱtheȱinjuredȱbrainȱbutȱalsoȱaȱcautionȱisȱnecessaryȱregardingȱtheȱpossibilityȱofȱaȱ
swiftȱ translationȱ ofȱMSCsȱ forȱ ischemicȱ strokeȱ intoȱ clinicalȱ practice.ȱ Itȱ isȱ clearȱ thatȱmoreȱ
preclinicalȱstudiesȱwithȱstandardizedȱexperimentalȱprotocolsȱareȱneeded.ȱ
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TIIVISTELMÄ:  
 
Suonensisäinenȱ soluterapiaȱ onȱ lupaavaȱ aivoverenkiertohäiriöidenȱ (AVH)ȱ hoitomuoto.ȱ
Hoidonȱ edellytyksenäȱ onȱ solujenȱ tehokasȱ kulkeutuminenȱ kohdealueelleȱ iskeemiseenȱ
aivokudokseenȱ ilmanȱ sivuvaikutuksia.ȱ Laskimonsisäisenȱ annostelunȱ jälkeenȱ suuriȱ osaȱ
soluistaȱ päätyyȱ kuitenkinȱ sisäelimiin.ȱ Tämäȱ ensikierronȱ metaboliaȱ voidaanȱ kiertääȱ
injisoimallaȱ solutȱ suoraanȱ aivovaltimoon.ȱ Tässäȱ väitöskirjatyössäȱ selvitettiinȱ parantaakoȱ
ihmisenȱ luuytimestäȱ eristetytȱmesenkymaalisetȱ solutȱ valtimonsisäisenȱ annostelunȱ jälkeenȱ
toiminnallistaȱAVHȬkuntoutumista.ȱ
Osatyössäȱ Iȱ tutkittiinȱ solujenȱ kokokehonȱ jakautumistaȱ valtimonsisäisenȱ
annostelunȱ jälkeenȱ rotanȱ aivoiskemiamallissa.ȱ Solutȱ leimattiinȱ 111InȬoksinaatillaȱ
yksifotoniemissiotomoȬgrafiakuvaustaȱ (SPECT)ȱ varten.ȱ Kuvausȱ tehtiinȱ hetiȱ jaȱ 24ȱ tuntiaȱ
soluinfuusionȱjälkeen.ȱVaikkaȱvaltimonsisäinenȱannosteluȱoliȱtehokasȱtapaȱkohdentaaȱsolutȱ
iskeemiseenȱ aivopuoliskoon,ȱ suuriȱ osaȱ soluistaȱ päätyiȱ sisäelimiinȱ joȱ lyhyenȱ 24ȱ tunninȱ
seurannanȱaikana.ȱ
Seuraavaksiȱ tutkimmeȱ parantaakoȱ lyhytaikainenȱ solujenȱ lokalisaatioȱ
aivokudoksessaȱtoiminnallistaȱkuntoutumistaȱkokeellisessaȱaivoiskemiamallissaȱ(II).ȱRotilleȱ
(n=60)ȱaiheutettiinȱtilapäinenȱaivoiskemiaȱtaiȱvaleoperaatio.ȱSolutȱ(1ȱxȱ106)ȱinjisoitiinȱarteriaȱ
carotisȱ externanȱ kauttaȱ 2ȱ taiȱ 7ȱ päivääȱ operaationȱ jälkeen.ȱ Tämänȱ jälkeenȱ eläintenȱ
sensorimotoristaȱ kuntoutumistaȱ arvioitiinȱ erilaisillaȱ käyttäytymistesteilläȱ (mm.ȱ
sylinteritesti,ȱ Montoyanȱ rapputesti,ȱ tarratesti).ȱ Huolimattaȱ tehokkaastaȱ aivokertymästäȱ
solutȱ eivätȱ parantaneetȱ toiminnallistaȱ kuntoutumista,ȱ kunȱ sitäȱ arvioitiinȱ vaativillaȱ
käyttäytymistesteilläȱjoihinȱtoistuvaȱtestausȱtaiȱkompensaatioȱeivätȱvaikuta.ȱ
OsatöissäȱIIIȱjaȱIVȱpyrittiinȱselvittämään,ȱmiksiȱsoluterapiaȱeiȱparantanutȱAVHȬ
kuntoutumista.ȱOsatyössäȱ IIIȱverrattiinȱ rotanȱ jaȱ ihmisenȱ solujenȱkokokehonȱ jakautumistaȱ
SPECTȬkuvantamisella.ȱTuloksetȱosoittivat,ȱettäȱsolutȱkäyttäytyivätȱeriȱ tavallaȱelimistössä:ȱ
ihmisenȱsolutȱpoistuivatȱaivokudoksestaȱhuomattavastiȱnopeamminȱkuinȱrotanȱsolut,ȱmikäȱ
voiȱ osinȱ selittääȱ käyttäytymistestienȱ tuloksia.ȱ Osatyössäȱ IVȱ tutkittiinȱ vähentääköȱ
soluterapiaȱ haitallisiaȱ sekundaarisiaȱ muutoksiaȱ iskeemistenȱ eläintenȱ talamuksessa.ȱ
Yllättäenȱ sekäȱ ΆȬamyloidinȱ ettäȱ kalsiuminȱ epätyypillinenȱ kerääntyminenȱ talamukseenȱ
lisääntyiȱeläimillä,ȱjotkaȱsaivatȱsolujaȱ48ȱtuntiaȱaivoiskemianȱjälkeen.ȱ
Yhteenvetonaȱvoidaanȱ todeta,ȱettäȱvaltimonsisäinenȱsoluannosteluȱonȱ tehokasȱ
annostelureittiȱ kohdentaaȱ soluterapiaȱ iskeemiseenȱ aivokudokseen.ȱ Onȱ kuitenkinȱ selvää,ȱ
ettäȱ tarvitaanȱ lisääȱ prekliinisiäȱ näyttöäȱ varmistamaanȱ tulostenȱ nopeaȱ jaȱ tehokasȱ
hyödyntäminenȱalkuvaiheenȱpotilastutkimuksissa.ȱȱ
ȱ
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1ȱIntroductionȱ
Strokeȱorȱtransientȱischemicȱattackȱ(TIA)ȱoccursȱdueȱtoȱaȱdisturbanceȱinȱtheȱbloodȱsupplyȱinȱ
anȱarteryȱorȱbloodȱvesselȱwhichȱaffectsȱtheȱbloodȱsupplyȱtoȱtheȱbrain.ȱThisȱ interruptionȱofȱ
theȱbloodȱsupplyȱcausesȱcellȱdeathȱandȱsignsȱofȱbrainȱdamage,ȱsuchȱasȱtheȱlossȱofȱfunctionsȱ
controlledȱ byȱ theȱ injuredȱ brainȱ areasȱ (e.g.,ȱ speech,ȱmovement,ȱ visionȱ andȱmemory)ȱ (1).ȱ
Strokeȱ isȱ theȱ secondȱ leadingȱ causeȱ ofȱ deathȱ accountingȱ forȱ approximatelyȱ 11.1%ȱ ofȱ allȱ
deathsȱworldwideȱ(2).ȱSomeȱpeopleȱrecoverȱcompletelyȱafterȱstroke,ȱhoweverȱunfortunatelyȱ
twoȱoutȱofȱeveryȱthreeȱpatientsȱwillȱsufferȱsomeȱdegreeȱofȱpermanentȱdisability.ȱThisȱisȱwhyȱ
strokeȱisȱtheȱmajorȱcauseȱofȱadultȱdisability.ȱȱ
Bloodȱ flowȱ toȱ theȱ brainȱ disturbedȱ byȱ bloodȱ clotsȱ canȱ beȱ reestablishedȱ byȱ
dissolvingȱ theȱ clotsȱbyȱadministrationȱofȱ thrombolyticȱagentsȱ suchȱasȱ tissueȱplasminogenȱ
activatorȱ(tPA).ȱThisȱdrugȱactsȱbyȱactivatingȱorȱconvertingȱplasminogenȱintoȱitsȱactiveȱformȱ
whichȱcanȱdissolveȱaȱbloodȱclot.ȱHoweverȱinȱorderȱtoȱexertȱthisȱeffectȱinȱclinicalȱpracticeȱandȱ
clinicalȱefficacyȱforȱtheȱpatients,ȱthisȱtherapyȱneedsȱtoȱbeȱinitiatedȱwithinȱ4.5ȱhrsȱofȱsymptomȱ
onsetȱ (3,4).ȱTheȱstrokeȱ injuryȱ isȱ largelyȱcompleteȱafterȱ1Ȭ2ȱdays.ȱForȱ thisȱreasonȱ treatmentȱ
withȱaȱneuroprotectiveȱagentȱneedsȱtoȱbeȱgivenȱwithinȱaȱrelativelyȱshortȱtimeȱwindowȱ(3Ȭ6ȱ
h).ȱHowever,ȱ allȱ theȱ neuroprotectiveȱ agentsȱ testedȱ inȱ clinicalȱ trialsȱ haveȱ soȱ farȱ failedȱ toȱ
showȱtherapeuticȱefficacy.ȱThisȱisȱnotȱtheȱcaseȱwithȱneurorestorativeȱapproachesȱsuchȱasȱcellȱ
therapiesȱ attemptingȱ toȱ enhanceȱ differentȱ regenerativeȱ mechanismsȱ (e.g.,ȱ neurogenesis,ȱ
angiogenesisȱandȱsynaptogenesis).ȱȱInȱtheseȱapproachesȱtheȱtherapeuticȱtimeȱwindowȱmayȱ
beȱextendedȱbyȱupȱtoȱ1ȱmonth,ȱcouldȱperhapsȱevenȱlongerȱ(5),ȱwhichȱwouldȱmeanȱthatȱmostȱ
patientsȱcouldȱbenefitȱfromȱthisȱkindȱofȱtreatment.ȱ
Cellȱtherapiesȱhaveȱbeenȱinvestigatedȱextensivelyȱinȱpreclinicalȱmodelsȱofȱbrainȱ
ischemiaȱ whichȱ haveȱ providedȱ evidenceȱ forȱ bothȱ theȱ safetyȱ andȱ theȱ efficacyȱ ofȱ cellȱ
transplantationȱ (6,7,8).ȱ Inȱ vivoȱ imagingȱmodalitiesȱ suchȱ asȱ positronȱ emissionȱ computedȱ
tomographyȱ (PET),ȱmagneticȱresonanceȱ imagingȱ (MRI),ȱsingleȱphotonȱemissionȱcomputedȱ
tomographyȱ (SPECT)ȱorȱopticalȱ imagingȱhaveȱbeenȱusedȱ toȱoptimizeȱ cellȱdeliveryȱ routesȱ
andȱ toȱmonitorȱ theirȱ effectsȱonȱ functionalȱoutcome.ȱForȱ example,ȱSPECTȱwithȱ 111indiumȬ
oxineȱ (111InȬoxine)ȱhasȱbeenȱ claimedȱ toȱbeȱanȱefficientȱ techniqueȱwithȱwhichȱ toȱ studyȱ theȱ
wholeȬbodyȱbiodistributionȱofȱcellsȱinȱpreclinicalȱmodelsȱ(9).ȱImagingȱwithȱSPECTȱisȱtrulyȱ
translational,ȱ andȱ theȱ sameȱ tracerȱ canȱ beȱ appliedȱ inȱ clinicalȱ studiesȱ inȱ humans.ȱ Theȱ
therapeuticȱ potentialȱ displayedȱ byȱ aȱ numberȱ ofȱ preclinicalȱ studiesȱ isȱ ratherȱ surprising,ȱ
givenȱ theȱ variationsȱ inȱ cellȱ preparation,ȱ outcomeȱ measuresȱ andȱ experimentalȱ modelsȱ
utilized.ȱ Thus,ȱ itȱ isȱ ofȱmajorȱ importanceȱ toȱ deviseȱ standardȱ treatmentȱ protocolsȱ forȱ theȱ
effectiveȱ translationȱ ofȱ experimentalȱ data.ȱ Theȱ Stemȱ Cellȱ Therapiesȱ asȱ anȱ Emergingȱ
Paradigmȱ inȱ Strokeȱ (STEPS)ȱ guidelinesȱ publishedȱ recentlyȱ representȱ oneȱ stepȱ forwardȱ
towardsȱachievingȱthisȱgoalȱ(10,11).ȱȱ
Proficientȱ cellȱ transplantationȱ andȱ anȱ efficientȱ transplantationȱ routeȱ areȱ keyȱ
factorsȱ forȱ successfulȱ clinicalȱ translation.ȱBothȱ systemicȱdeliveryȱ ofȱ cellsȱ andȱ stereotacticȱ
transplantationȱintoȱtheȱbrainȱhaveȱbeenȱutilizedȱinȱtheȱexperimentalȱstrokeȱmodelsȱ(6–8).ȱItȱ
isȱnotȱclearȱwhetherȱaȱ targetedȱapproachȱ isȱ theȱsolutionȱ toȱachieveȱefficientȱandȱextensiveȱ
cellȱengraftmentȱ (12,13).ȱTheȱ invasiveȱnatureȱofȱ intracerebralȱdeliveryȱ isȱanotherȱ concern.ȱ
Sinceȱ itȱ isȱ aȱ lessȱ invasiveȱ approachȱwhichȱmakesȱ possibleȱ rapidȱ offȬtheȬshelfȱ therapy,ȱ itȱ
couldȱbeȱarguedȱ thatȱ systemicȱ transplantationȱ representsȱanȱattractiveȱalternativeȱ forȱ cellȱ
therapy.ȱNevertheless,ȱ itȱ hasȱ beenȱ reportedȱ inȱ severalȱ studiesȱ thatȱ theȱ intravenousȱ (IV)ȱ
transplantationȱrouteȱalsoȱencountersȱsomeȱobstacles,ȱsuchȱasȱtheȱextensiveȱaccumulationȱofȱ
cellsȱinȱtheȱlungsȱandȱotherȱfilteringȱorgansȱ(14–23),ȱaȱproblemȱwhichȱmayȱbeȱcircumventedȱ
byȱintraȬarterialȱ(IA)ȱdelivery.ȱThus,ȱtheȱcurrentȱstudyȱhasȱprimarilyȱfocussedȱonȱhomingȱofȱ
mesenchymalȱstemȱcellsȱintoȱtheȱischemicȱbrainȱandȱtheȱefficacyȱofȱcellȱtransplantationȱafterȱ
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IAȱ deliveryȱ inȱ ratsȱ subjectedȱ toȱ experimentalȱ stroke,ȱ byȱ usingȱ sensitiveȱ andȱ predictiveȱ
sensorimotorȱoutcomeȱmeasuresȱwithȱwhichȱtoȱdetectȱtreatmentȱeffects.ȱȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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2ȱReviewȱofȱtheȱliteratureȱ
2.1 CAUSES OF STROKE AND THE SUBSEQUENT SYMPTOMS 
Strokeȱisȱaȱmajorȱpathophysiologicalȱincident,ȱcausedȱbyȱtheȱinterruptionȱinȱtheȱbloodȱflowȱ
toȱcerebralȱtissueȱ(ischemicȱstroke)ȱorȱtoȱtheȱruptureȱofȱaȱweakenedȱbloodȱvesselȱinȱtheȱbrainȱ
(hemorrhagicȱ stroke).ȱDependingȱ uponȱ theȱ severity,ȱ theȱ patientȱmayȱ suddenlyȱ loseȱ theȱ
abilityȱtoȱspeak,ȱorȱsufferȱmemoryȱproblems,ȱorȱbecomeȱparalyzedȱonȱoneȱorȱbothȱsidesȱofȱ
bodyȱ (1).ȱ Ischemicȱ strokeȱaccountsȱ forȱapproximatelyȱ80%ȱofȱallȱ cases.ȱAsȱaȱ resultȱofȱ theȱ
blockageȱinȱtheȱbloodȱflow,ȱtheȱsupplyȱofȱoxygenȱandȱnutrientsȱtoȱtheȱbrainȱisȱinterrupted,ȱ
leadingȱ toȱcellȱdeathȱandȱ tissueȱdamage.ȱAȱvarietyȱofȱ symptomsȱcanȱresultȱ fromȱaȱstrokeȱ
includingȱ impairedȱvision,ȱ lossȱofȱbalance,ȱ speechȱproblems,ȱparalysis,ȱdizziness,ȱ suddenȱ
severeȱheadache,ȱandȱconfusion.ȱLesserȱorȱsilentȱstrokesȱmayȱnotȱcauseȱtheseȱsymptomsȱbutȱ
stillȱ inflictȱ brainȱ tissueȱ damage.ȱ Theȱ keyȱ riskȱ factorsȱ forȱ strokeȱ areȱ age,ȱ smoking,ȱ
hypertension,ȱ diabetes,ȱ atrialȱ fibrillation,ȱ dyslipidemia,ȱ carotidȱ arteryȱ stenosis,ȱ improperȱ
diet,ȱ obesityȱ andȱ physicalȱ inactivityȱ (24,25).ȱ Additionalȱ riskȱ factorsȱ areȱ drugȱ abuse,ȱ
metabolicȱsyndrome,ȱexcessiveȱalcoholȱconsumption,ȱ theȱuseȱofȱoralȱcontraceptives,ȱsleepȬ
disorderedȱbreathing,ȱmigraine,ȱhyperhomocysteinemia,ȱhypercoagulability,ȱ inflammationȱ
andȱinfectionsȱ(26,27).ȱȱ
2.2 HUMAN AND FINANCIAL BURDEN OF STROKE 
Approximatelyȱ 16ȱmillionȱ strokes/yearȱ occurȱ inȱ theȱworld,ȱ causingȱ aȱ totalȱ ofȱ 5.7ȱmillionȱ
deaths.ȱThus,ȱ strokeȱ ranksȱasȱ theȱ secondȱ leadingȱ causeȱofȱdeathȱ inȱ theȱglobalȱpopulationȱ
afterȱ ischemicȱheartȱdisorderȱ (28).ȱMoreȱ thanȱ50%ȱofȱ strokeȱ survivorsȱ areȱ leftȱwithȱ someȱ
degreeȱ ofȱmotorȱ orȱ otherȱdisability.ȱ Inȱ globalȱ terms,ȱ strokeȱ isȱ theȱ thirdȱ leadingȱ causeȱ ofȱ
adultȱdisabilityȱ(29)ȱandȱtheȱleadingȱcauseȱinȱEurope.ȱHence,ȱstrokeȱcausesȱaȱhugeȱburdenȱ
onȱ society,ȱpatientsȱandȱ theirȱ families,ȱnotȱonlyȱ inȱ termsȱofȱhealthȱbutȱalsoȱ economicallyȱ
(30).ȱ Theȱ totalȱ Europeanȱ 2010ȱ costȱ ofȱ strokeȱ hasȱ beenȱ estimatedȱ asȱ 64,053ȱ millionȱ €,ȱ
consistingȱ ofȱ directȱ healthȱ careȱ costsȱ 42,352ȱ millionȱ €,ȱ directȱ nonȬmedicalȱ costsȱ 16,769ȱ
millionȱ €ȱ andȱ indirectȱ costsȱ 4,932ȱmillionȱ €ȱ (31).ȱTheȱneedȱ toȱhaveȱ supportȱ forȱ theȱdailyȱ
activitiesȱofȱpatientsȱexertsȱaȱdirectȱimpactȱonȱtheȱqualityȱofȱlifeȱnotȱonlyȱofȱstrokeȱpatientsȱ
butȱ alsoȱ theirȱ relatives.ȱAlmostȱ 1.5%ȱ ofȱ theȱ totalȱFinnishȱpopulationȱwillȱ sufferȱ aȱ stroke.ȱȱ
However,ȱ althoughȱ theȱmortalityȱ ofȱ strokeȱ victimsȱ hasȱ beenȱ reducedȱ byȱ halfȱ sinceȱ theȱ
1970’s,ȱoneȱoutȱofȱeveryȱfiveȱwillȱvictimsȱsuccumbȱwithinȱ3ȱmonthsȱofȱtheirȱstroke.ȱAfterȱaȱ
stroke,ȱ theȱaverageȱhealthcareȱ costsȱ forȱ lifetimeȱofȱ strokeȱpatientȱareȱ86,300€,ȱ60,000ȱ€ ofȱ
whichȱareȱrelatedȱtoȱrehabilitationȱandȱtheȱneedȱofȱspecialȱcare.ȱForȱexample,ȱ7%ȱ(1.1ȱBillionȱ
€)ȱofȱ theȱ totalȱannualȱhealthȱcareȱcostȱareȱconsumedȱ inȱ treatingȱstrokeȱvictimsȱ inȱFinlandȱ
(32).ȱ 
2.3 STROKE TREATMENTS AND THEIR LIMITATIONS 
Strokeȱ treatmentsȱ includeȱ prevention,ȱ acuteȱ care,ȱ neuroprotectionȱ andȱ rehabilitation.ȱ
Lifestyleȱmodificationsȱandȱpreventiveȱpharmacotherapiesȱdirectedȱagainstȱ riskȱ factorsȱofȱ
strokeȱlikeȱhypertensionȱhaveȱbeenȱeffectiveȱinȱreducingȱstrokeȱincidenceȱandȱmortalityȱ(33).ȱ
Thus,ȱaȱhealthyȱlifeȱstyleȱ(e.g.,ȱquittingȱsmoking,ȱfollowingȱaȱhealthyȱdiet,ȱphysicalȱexercise,ȱ
optimalȱ bodyȱweight)ȱ isȱ theȱ primaryȱ preventiveȱ formȱ thatȱ anȱ individualȱ shouldȱ takeȱ inȱ
orderȱtoȱdecreaseȱhis/herȱriskȱofȱstroke.ȱTheȱmainȱgoalȱofȱacuteȱischemicȱstrokeȱtreatmentȱisȱ
toȱrestoreȱbloodȱflowȱtoȱtheȱbrain.ȱThisȱcanȱbeȱachievedȱbyȱprovidingȱaȱthrombolyticȱagentȱ
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calledȱ tissueȱ plasminogenȱ activatorȱ (tPA),ȱ whichȱ isȱ atȱ presentȱ theȱ onlyȱ drugȱ forȱ theȱ
treatmentȱ ofȱ acuteȱ cerebralȱ ischemiaȱ approvedȱ byȱ bothȱ Unitedȱ Statesȱ Foodȱ andȱ Drugȱ
Administrationȱ ȱ (FDA)ȱ andȱ Europeanȱ Medicinesȱ Agencyȱ (EMA)ȱ (34–36).ȱ Surgicalȱ
proceduresȱ suchȱ asȱ carotidȱ endarterectomyȱ andȱ angioplastyȱ areȱ alsoȱ possibleȱ optionsȱ toȱ
restoreȱbloodȱflowȱtoȱtheȱbrainȱinȱsecondaryȱandȱprimaryȱprevention,ȱtheseȱproceduresȱareȱ
performedȱ toȱ openȱ upȱ orȱwidenȱ arteries.ȱHowever,ȱ thrombolyticȱ agentȱ tPAȱ remainsȱ aȱ
treatmentȱ optionȱ forȱ onlyȱ aȱ fractionȱ ofȱ strokeȱ victimsȱ (lessȱ thanȱ 5%ȱ ofȱ strokeȱ patientsȱ
worldwide)ȱ dueȱ toȱ itsȱ narrowȱ therapeuticȱ timeȱwindowȱ andȱ contraindicationȱ orȱ safetyȱ
concerns,ȱi.e.,ȱtPAȱneedsȱtoȱbeȱadministeredȱwithinȱ3ȱȬȱ4.5ȱhoursȱatȱtheȱlatestȱfromȱtheȱinitialȱ
signȱofȱstroke.ȱDueȱtoȱthisȱlimitation,ȱ90Ȭ95%ȱofȱacuteȱstrokeȱpatientsȱareȱnotȱableȱtoȱbenefitȱ
fromȱ effectiveȱ drugȱ interventionȱ (37–41,3,4,26).ȱ Despiteȱ hugeȱ effortsȱ andȱ decadesȱ ofȱ
scientificȱworkȱ intoȱdiseaseȱpathology,ȱ thereȱ isȱstillȱanȱurgentȱneedȱ toȱ findȱotherȱeffectiveȱ
curesȱandȱtreatmentsȱforȱacuteȱstrokeȱ(42).ȱThus,ȱmajorȱeffortsȱareȱbeingȱputȱintoȱdevelopingȱ
newȱrestorativeȱtherapeuticȱstrategiesȱsuchȱasȱcellȬbasedȱtherapiesȱwhichȱhaveȱemergedȱasȱaȱ
promisingȱwayȱtoȱrestoreȱbrainȱfunctionȱafterȱcerebralȱischemiaȱ(43–45).ȱȱ
2.4 STROKE REHABILITATION AND RESTORATION 
Afterȱ aȱ strokeȱ theȱneurologicalȱ functionsȱ associatedȱwithȱ theȱdegeneratedȱ tissueȱ areȱ lost.ȱ
Duringȱ theȱnextȱ fewȱmonthsȱ someȱofȱ theseȱ functionsȱwillȱ recover,ȱ thoughȱapproximatelyȱ
50%ȱofȱstrokeȱsurvivorsȱremainȱaffectedȱbyȱhemiparesis,ȱ i.e.,ȱaȱ lossȱofȱmuscleȱ functionȱonȱ
oneȱsideȱofȱbodyȱ (46).ȱMoreover,ȱapproximatelyȱ30%ȱofȱpatientsȱareȱnotȱableȱ toȱwalkȱandȱ
26%ȱsufferȱlifeȬlongȱdisability,ȱhenceȱtheyȱareȱinȱneedȱofȱdailyȱattentionȱandȱrehabilitation.ȱ
Theȱmostȱprominentȱrecoveryȱoccursȱduringȱtheȱfirstȱ30ȱdaysȱandȱcontinuesȱforȱatȱleastȱaȱsixȱ
monthȱperiodȱ(46).ȱAfterȱaȱstroke,ȱtheȱlossȱofȱfunctionȱisȱeitherȱaȱresultȱofȱneuronalȱdeathȱinȱ
theȱ infarctedȱ tissueȱorȱneuronalȱdysfunctionȱ remoteȱ fromȱprimaryȱdamageȱ (diaschisis)ȱorȱ
whiteȱmatterȱinjury.ȱTheȱbrainȱregionsȱthatȱareȱlinkedȱtoȱtheȱinfarctȱalsoȱplayȱanȱimportantȱ
role.ȱTheȱdysfunctionȱinȱtheȱdistantȱorȱremoteȱareasȱisȱthoughtȱtoȱbeȱdueȱtoȱdiaschisisȱ(47).ȱ
Cellȱdeath,ȱedema,ȱmetabolicȱdepressionȱandȱaxonalȱgrowthȱinhibitionȱdevelopȱquicklyȱandȱ
theseȱcanȱbeȱaȱpossibleȱ targetȱ forȱacuteȱ treatment.ȱAfterȱ theȱacuteȱphase,ȱ theȱbrain’sȱownȱ
repairȱ mechanismsȱ suchȱ asȱ neurogenesisȱ andȱ angiogenesisȱ areȱ activated,ȱ andȱ theseȱ
processesȱcanȱbeȱfurtherȱstimulatedȱbyȱtheȱprovisionȱofȱdifferentȱneuroactivatorsȱ(47).ȱȱȱȱȱȱȱ
Theȱtimeȱtoȱrecoverȱfromȱaȱstrokeȱattackȱcanȱvaryȱfromȱweeksȱtoȱyearsȱandȱonlyȱ
oneȱ outȱ ofȱ everyȱ tenȱ victimsȱ willȱ recoverȱ fullyȱ andȱ unfortunately,ȱ asȱ statedȱ earlier,ȱ
approximatelyȱeveryȱsecondȱhasȱaȱlongȱtermȱdisabilityȱ(46).ȱAfterȱaȱstroke,ȱpatientsȱleftȱwithȱ
disabilityȱ requireȱ motorȱ rehabilitation,ȱ occupationalȱ therapy,ȱ speechȱ therapyȱ andȱ
psychologicalȱsupportȱ toȱhelpȱ inȱ theirȱdailyȱactivities.ȱTheȱmultidisciplinaryȱrehabilitationȱ
processȱ isȱaȱmajorȱcomponentȱofȱstrokeȱcare.ȱTheȱ treatmentȱoptionsȱ forȱmotorȱrecoveryȱofȱ
theȱarmȱ includeȱconstraintȬinducedȱmovementȱ therapyȱ(CIMT)ȱandȱrobotics.ȱBodyȱweightȱ
supportedȱ treadmillȱ trainingȱ isȱaȱpromisingȱ interventionȱ toȱ improveȱ theȱgait.ȱDailyȱ livingȱ
activitesȱ canȱ beȱ improvedȱ byȱ occupationalȱ therapy,ȱ however,ȱ efficacyȱ dataȱ forȱ aphasia,ȱ
dysarthriaȱandȱcognitiveȱrehabilitationȱisȱscarce.ȱCurrentlyȱaȱnumberȱofȱnovelȱtherapiesȱareȱ
beingȱ testedȱ andȱ developed,ȱ theseȱ areȱ drugȱ augmentationȱ ofȱ exerciseȱ trainingȱ withȱ
amphetamines,ȱ dopamineȱ receptorȱ agonists,ȱ andȱ antidepressants,ȱ repetitiveȱ transcranialȱ
magneticȱ stimulation,ȱ transcranialȱ directȬcurrentȱ stimulation,ȱ virtualȱ rehabilitationȱ (e.g.,ȱ
videoȱgames),ȱandȱcellȬbasedȱtherapyȱ(48).ȱ
2.5 STEM CELLS 
Stemȱ cellsȱ areȱ undifferentiatedȱ cellsȱ andȱ theyȱ possessȱ theȱ capabilityȱ ofȱ selfȬrenewalȱ andȱ
differentiationȱ intoȱ severalȱ differentȱ cellȱ typesȱ suchȱ asȱ neurons,ȱ astrocytes,ȱ andȱ
oligodendrocytesȱ (49–51).ȱ Asȱ aȱ resultȱ ofȱ thisȱ ability,ȱ theyȱ canȱ beȱ usefulȱ forȱ variousȱ
applicationsȱsuchȱasȱtheȱdevelopmentȱofȱnovelȱtherapies,ȱdrugȱdiscoveryȱandȱtoxicityȱalongȱ
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withȱtheirȱuseȱinȱbasicȱbiologicalȱresearch.ȱDependingȱuponȱtheȱoriginȱofȱtheȱstemȱcellsȱtheyȱ
areȱcategorizedȱasȱeitherȱpluripotentȱorȱmultipotent.ȱ
2.5.1ȱPluripotentȱstemȱcellsȱ
Pluripotentȱ stemȱ cellsȱhaveȱ theȱpotentialȱ toȱdifferentiateȱ intoȱalmostȱanyȱ cell.ȱPluripotentȱ
cellsȱareȱusuallyȱdividedȱ intoȱembryonicȱ stemȱ cellsȱ (ESCs)ȱandȱ inducedȱpluripotentȱ stemȱ
cellsȱ(iPSCs).ȱȱ
2.5.1.1ȱEmbryonicȱstemȱcellsȱȱ
AȱpreȬimplantationȱ embryoȱ calledȱ aȱ blastocystȱ (hollowȱ sphereȱ ofȱ cells)ȱwhichȱmaturesȱ 5ȱ
daysȱafterȱtheȱfertilizationȱofȱanȱeggȱbyȱaȱspermȱhasȱallȱofȱtheȱgeneticȱmaterialȱrequiredȱforȱ
theȱdevelopmentȱofȱaȱcompleteȱhumanȱbeing.ȱ Inȱ theȱ interiorȱofȱ theȱblastocystȱ thereȱ isȱanȱ
innerȱ cellȱmassȱ (30Ȭ34ȱ cells).ȱTheseȱ cellsȱareȱ toȱbeingȱ referredȱasȱpluripotentȱdueȱ toȱ theirȱ
abilityȱ toȱ differentiateȱ intoȱ allȱ ofȱ theȱ cellȱ typesȱ inȱ theȱ humanȱ body.ȱMartinȱ Evansȱ firstȱ
isolatedȱ mouseȱ ESCsȱ (49),ȱ forȱ thisȱ workȱ heȱ receivedȱ Nobelȱ Prizeȱ forȱ Physiologyȱ andȱ
Medicineȱinȱtheȱyearȱ2007.ȱHowever,ȱThomsonȱandȱhisȱgroupȱsucceededȱinȱderivingȱESCsȱ
fromȱ humanȱ blastocystȱ innerȱ massȱ thatȱ wereȱ surplusȱ toȱ necessitiesȱ followingȱ inȱ vitroȱ
fertilizationȱ(51).ȱSubsequently,ȱthereȱhasȱbeenȱconsiderableȱinterestȱinȱtheȱuseȱofȱhumanȱESȱ
cellsȱ asȱ aȱ sourceȱ ofȱ differentȱ cellȱ typesȱ forȱ regenerativeȱmedicine,ȱ drugȱ discoveryȱ andȱ
immunotherapy.ȱNonetheless,ȱ thereȱ areȱ ethicalȱ issuesȱ surroundingȱ theirȱderivationȱ fromȱ
humanȱblastocysts.ȱAnȱadditionalȱlimitationȱisȱthatȱtheseȱcellsȱareȱallogeneicȱ(52).ȱ
2.5.1.2ȱInducedȱpluripotentȱstemȱcellsȱ
Yamanakaȱandȱgroupȱverifiedȱtheȱfeasibilityȱofȱderivingȱpluripotentȱstemȱcellsȱfromȱadultȱ
mouseȱfibroblastsȱbyȱretroviralȱtransductionȱwithȱcertainȱcrucialȱgenesȱ(e.g.,ȱOct3/4,ȱSox2,ȱcȬ
Myc,ȱ andȱ Klf4)ȱ (50).ȱ Atȱ theȱ cellularȱ level,ȱ theseȱ iPSCsȱ areȱ indistinguishableȱ fromȱ
conventionalȱ embryonicȱ stemȱ cells,ȱ acquiringȱ theȱ abilityȱ forȱ indefiniteȱ selfȬrenewalȱ andȱ
infiniteȱdifferentiationȱpotential.ȱAfterȱ injectionȱ intoȱmouseȱblastocysts,ȱ theseȱcellsȱpossessȱ
theȱ capabilityȱ toȱ produceȱ germlineȬcompetentȱ chimeras.ȱ Theseȱ observationsȱ wereȱ laterȱ
translatedȱ intoȱ humanȱ dermalȱ fibroblastsȱ (53,54),ȱ andȱ providedȱ ȱ theȱ possibilityȱ ofȱ
generatingȱ iPSCsȱ onȱ anȱ individualȱ basis.ȱ Theseȱ significantȱ studiesȱ representedȱwaysȱ toȱ
overcomeȱ someȱ ofȱ theȱ ethicalȱ issuesȱ andȱ alsoȱ addressedȱ theȱ immunologicalȱ issuesȱ thatȱ
limitedȱtheȱefficaciesȱofȱallogeneicȱtherapies.ȱTheȱproductionȱofȱautologousȱiPSCsȱpavedȱtheȱ
wayȱforȱexploitingȱtheȱpotentialȱofȱpluripotencyȱasȱanȱimmunotherapeuticȱinterventionȱforȱ
differentȱ humanȱ diseases.ȱHowever,ȱ Zhaoȱ etȱ al.,ȱ (55)ȱ revealedȱ thatȱ ESCsȱ derivedȱ fromȱ
C57BL/6ȱ miceȱ couldȱ efficientlyȱ formȱ teratomasȱ inȱ C57BL/6ȱ miceȱ withoutȱ anyȱ signȱ ofȱ
immuneȱ rejectionȱ butȱ allogeneicȱESCsȱ fromȱ 129/SvJȱmiceȱ failedȱ toȱproduceȱ teratomasȱ inȱ
C57BL/6ȱmice,ȱ indicatingȱ thatȱ thereȱhadȱbeenȱ rapidȱ rejectionȱbyȱ recipients,ȱevidenceȱ thatȱ
thereȱareȱimportantȱsubtletiesȱinȱepigeneticȱchanges.ȱ
2.5.2ȱMultipotentȱstemȱcellsȱ
Multipotentȱstemȱcellsȱpossessȱsimilarȱbasicȱ featuresȱasȱallȱstemȱcells.ȱTheseȱcellȱ typesȱareȱ
unspecializedȱcellsȱwhichȱhaveȱtheȱabilityȱtoȱselfȱrenewȱforȱaȱlongerȱdurationȱofȱtimeȱandȱtoȱ
differentiateȱintoȱspecializedȱcellsȱ(specificȱfunctions).ȱTheseȱcanȱbeȱfoundȱinȱfetalȱandȱadultȱ
tissues.ȱ
2.5.2.1ȱFetalȱstemȱcellsȱ
Fetalȱ stemȱ cellȱ typesȱ canȱ beȱ isolatedȱ fromȱ abortedȱ humanȱ fetuses,ȱ particularlyȱ fromȱ
evolvingȱbrainȱregionsȱ (56–61).ȱDifferentiationȱandȱproliferationȱofȱneuralȱstemȱcellsȱ fromȱ
fetusesȱwasȱ firstȱ describedȱ byȱ BucȬCaronȱ (62).ȱ Subsequently,ȱ striatal,ȱ corticalȱ asȱwellȱ asȱ
spinalȱcordȱhumanȱneuralȱstemȱcellsȱhaveȱbeenȱ isolatedȱandȱtestedȱ inȱexperimentalȱstrokeȱ
models,ȱspinalȱcordȱinjuryȱandȱintracerebralȱhemorrhageȱ(57,59,63–68).ȱInfact,ȱsomeȱclinicalȱ
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studiesȱwereȱperformedȱusingȱfetalȱstemȱcellsȱinȱParkinsonȱpatientsȱbutȱtheȱoutcomesȱwereȱ
equivocalȱ(69).ȱȱȱ
2.5.2.2ȱAdultȱstemȱcellsȱ
Adultȱstemȱcellsȱareȱspecializedȱcellsȱwhichȱareȱsurroundedȱbyȱmanyȱordinaryȱcells,ȱhenceȱ
theyȱareȱfoundȱinȱvariousȱorgans,ȱwhereȱtheyȱassistȱinȱreplacingȱsomeȱbodyȱcellsȱifȱneeded.ȱ
Theseȱcellsȱcanȱbeȱdetectedȱinȱboneȱmarrow,ȱskeletalȱandȱcardiacȱmuscle,ȱteeth,ȱheart,ȱliver,ȱ
ovarianȱepithelium,ȱtestis,ȱperipheralȱblood,ȱadiposeȱtissues,ȱbloodȱvessels,ȱskin,ȱandȱliningȱ
ofȱgut,ȱandȱalsoȱ inȱbrain,ȱ inȱfactȱtheseȱorgansȱneedȱaȱconstantȱsupplyȱofȱcellsȱ(70).ȱDespiteȱ
beingȱdenotedȱasȱspecializedȱcellȱtypes,ȱaȱrecentȱinvestigationȱhasȱindicatedȱthatȱsomeȱofȱtheȱ
cellȱtypesȱmightȱbeȱmoreȱflexible,ȱandȱmayȱyieldȱaȱwiderȱvarietyȱofȱcellȱtypes.ȱAdultȱstemȱ
cellsȱresearchȱbeganȱinȱtheȱ1950s,ȱwhenȱitȱwasȱfoundȱthatȱboneȱmarrowȱcontainedȱtwoȱkindsȱ
ofȱstemȱcells.ȱOneȱpopulationȱcalledȱhematopoieticȱstemȱcellsȱwasȱfirstȱdiscovered,ȱfollowedȱ
aȱ fewȱ yearsȱ laterȱ byȱ aȱ secondȱ population,ȱ calledȱ boneȱ marrowȱ stromalȱ stemȱ cellsȱ orȱ
mesenchymalȱstemȱcellsȱ(MSCs)ȱ(71,72).ȱTheseȱMSCsȱ(nonȬhematopoieticȱstemȱcells)ȱmakeȱ
upȱaȱ smallȱproportionȱofȱ stromalȱcellȱpopulationȱ inȱboneȱmarrow,ȱandȱ theyȱ canȱproduceȱ
cartilage,ȱ boneȱ andȱ fatȱ cellsȱ thatȱ supportȱ formationȱ ofȱ bloodȱ inȱ additionȱ toȱ fibrousȱ
connectiveȱ tissue.ȱ Inȱaddition,ȱadiposeȱ tissueȬderivedȱmesenchymalȱ stemȱcellsȱ (ADMSCs)ȱ
areȱ easyȱ toȱ obtainȱ inȱ highȱ quantitiesȱwithȱminimallyȱ invasiveȱ techniques.ȱ RatȱADMSCsȱ
wereȱ foundȱ toȱ beȱ asȱ effectiveȱ asȱ ratȱ BMMSCsȱ followingȱ ischemicȱ strokeȱ inȱ achievingȱ
improvedȱ behavioralȱ recoveryȱ inȱ strokeȱ ratsȱ (73).ȱHumanȱMSCsȱ canȱ beȱ retrievedȱ fromȱ
differentȱ adultȱ tissuesȱ forȱ exampleȱ cartilage,ȱ fat,ȱ dentalȱ pulp,ȱ skin,ȱ fetalȱ appendages,ȱ
peripheralȱ blood,ȱ adiposeȱ tissueȱ andȱ stromalȱ cellsȱ ofȱ boneȱ marrowȱ andȱ theyȱ canȱ beȱ
differentiatedȱ intoȱ adipogenic,ȱ chondrogenic,ȱ andȱ osteogenicȱ lineagesȱ (74–77).ȱ Thereȱ isȱ
growingȱevidenceȱdemonstratingȱthatȱMSCsȱmayȱholdȱpromiseȱforȱautologousȱdeliveryȱ inȱ
theȱ strokeȱ scenarioȱ (78).ȱHowever,ȱMSCsȱ retrievedȱ fromȱdifferentȱ sourcesȱdoȱnotȱentirelyȱ
possessȱidenticalȱfeaturesȱ(79),ȱthusȱtheirȱtherapeuticȱpotentialȱforȱstrokeȱtherapyȱisȱnotȱyetȱ
clear.ȱȱȱ
2.6 MESENCHYMAL STEM CELLS IN THE TREATMENT OF STROKE 
Theȱtermsȱmesenchymalȱstemȱcellsȱand/orȱmarrowȱstromalȱcellsȱareȱusedȱinterchangeablyȱtoȱ
referȱ toȱ MSCs.ȱ Theȱ embryonicȱ connectiveȱ tissueȱ calledȱ mesenchymeȱ isȱ derivedȱ fromȱ
mesodermȱ thatȱ differentiateȱ intoȱ connectiveȱ andȱ hematopoieticȱ tissue,ȱwhereasȱmarrowȱ
stromalȱcellsȱdoȱnotȱdifferentiateȱ intoȱhematopoeticȱcells.ȱMSCsȱhaveȱaȱspindleȬlikeȱshapeȱ
andȱ theyȱ areȱ plasticȬadherentȱ cellsȱ comprisingȱ ofȱ aȱ heterogeneousȱ collectionȱ ofȱ
mesenchymalȱ stemȱ andȱ progenitorȱ cells.ȱ MSCsȱ haveȱ beenȱ definedȱ asȱ aȱ populationȱ ofȱ
plasticȬadherentȱ fibroblasticȱ cellsȱderivedȱbyȱusingȱPercollȱdensityȱ centrifugationȱmethodȱ
(71,72,80).ȱȱȱȱ
2.6.1ȱBiologicalȱpropertiesȱofȱMSCsȱbehindȱtherapeuticȱpotentialȱ
TheȱapplicationȱofȱMSCsȱinȱstrokeȱresearchȱisȱanȱexcitingȱtopicȱasȱtheseȱcellsȱmayȱpotentiallyȱ
haveȱ therapeuticȱbenefitsȱsuchȱasȱmayȱbeȱachievedȱbyȱautologousȱ transplantationȱofȱboneȱ
marrowȱ derivedȱMSCsȱ (BMMSCs)ȱ (81).ȱ Inȱ theirȱ definitionȱ ofȱMSCsȱ characteristics,ȱ Theȱ
Mesenchymalȱ andȱ Tissueȱ StemȱCellȱCommitteeȱ ofȱ theȱ Internationalȱ Societyȱ forȱCellularȱ
Therapyȱ hasȱ proposedȱ certainȱ minimalȱ criteriaȱ (82).ȱ Theseȱ includeȱ plasticȱ adherence,ȱ
expressionȱofȱCD105,ȱCD73ȱandȱCD90,ȱtogetherȱwithȱtheȱlackȱofȱCD45ȱ(aȱleukocyteȱmarker),ȱ
CD34ȱ (aȱ haematopoieticȱ progenitorȱ andȱ endothelialȱ cellȱmarker),ȱ orȱCD14ȱ (macrophageȱ
marker),ȱ andȱ theirȱ abilityȱ toȱ differentiateȱ inȱ vitroȱ intoȱ adipocytes,ȱ osteoblasts,ȱ andȱ
chondroblasts.ȱMSCsȱhaveȱbeenȱpostulatedȱtoȱevadeȱimmuneȱrecognitionȱandȱtoȱevokeȱlessȱ
immuneȱ responses,ȱ propertiesȱ thatȱ areȱ crucialȱ inȱ efficaciousȱ allogeneicȱ regenerativeȱ
medicine.ȱHowever,ȱ beforeȱ theȱ applicationȱ ofȱMSCsȱ becomeȱ aȱ clinicalȱ reality,ȱ itȱwillȱ beȱ
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essentialȱ toȱ clarifyȱ theȱ biologicalȱ propertiesȱwhichȱ contributeȱ toȱ theirȱ therapeuticȱ effectsȱ
(Figureȱ1).ȱ
ȱ
Figure 1.ȱBiological properties of MSCs and overview of their potential therapeutic mechanisms. 
These mechanisms include differentiation into cell types relevant to repair, secretion of 
neurotrophic factors, angiogenesis, and immunomodulation.  

Theȱ typicalȱbehaviorȱofȱMSCsȱ includesȱ theȱ followingȱ fourȱmajorȱproperties:ȱ1)ȱhomingȱ toȱ
inflammationȱsiteȱafterȱtissueȱinjury.ȱWhenȱinjectedȱintravenously,ȱ2)ȱabilityȱtoȱdifferentiateȱ
intoȱaȱnumberȱofȱcellȱtypes,ȱ3)ȱsecretionȱofȱbioactiveȱmolecules,ȱandȱ4)ȱimmunomodulationȱ
(83,84).ȱBMMSCsȱareȱ consideredȱ toȱhaveȱ theȱhighestȱmultilineageȱpotentialȱandȱ thereforeȱ
theyȱareȱpreferredȱforȱtherapeuticȱapplications.ȱTheȱadvantageȱofȱusingȱhumanȱBMMSCsȱisȱ
thatȱ theȱ cellsȱ doȱ notȱ originateȱ fromȱ aȱ tumoralȱ orȱ aȱmodifiedȱ sourceȱ (85).ȱ Inȱ addition,ȱ
BMMSCsȱareȱpoorlyȱimmunogenicȱ(86–88)ȱandȱmoreoverȱtheyȱdoȱnotȱsufferȱfromȱtheȱethicalȱ
problemsȱwhichȱareȱassociatedȱwithȱESȱcellȱtypes.ȱTheȱuseȱofȱhumanȱBMMSCsȱforȱtheȱcellȱ
therapyȱisȱdependentȱonȱtheirȱabilityȱtoȱgraftȱandȱpersistȱinȱtheȱtissueȱofȱinterestȱforȱaȱlongerȱ
durationȱ (89).ȱHumanȱBMMSCsȱ areȱ recognizedȱ asȱmultipotentȱprogenitorȱ cellsȱ andȱ theyȱ
differentiateȱ intoȱ mesenchymalȱ asȱ wellȱ asȱ nonȬmesenchymalȱ lineagesȱ (90).ȱ MSCsȱ canȱ
supportȱ theȱ functionalȱ andȱ structuralȱ repairȱ inȱ numerousȱ organs.ȱ Forȱ example;ȱ theseȱ
processesȱ canȱ occurȱ inȱ brainȱ afterȱ experimentalȱ strokeȱ whenȱ theȱ BMMSCsȱ haveȱ beenȱ
administeredȱIVȱ(87,91–96)ȱorȱviaȱtheȱintracerebralȱ(IC)ȱ(97–99) orȱIAȱroutesȱ(100). 
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2.6.2ȱHoming/engraftmentȱofȱMSCsȱtoȱtheȱsiteȱofȱinjuryȱ
AfterȱsystemicȱdeliveryȱMSCsȱhomeȱtoȱtheȱsitesȱofȱinjuryȱbyȱusingȱinflammatoryȱguidanceȱ
signalsȱ (101).ȱHowever,ȱmostȱofȱ theȱ cellsȱ seemsȱ toȱbecomeȱ locatedȱ inȱnonȬdesiredȱ tissuesȱ
suchȱasȱliverȱorȱspleen.ȱSimilarlyȱextensiveȱlungȱentrapmentȱofȱIVȱdeliveredȱMSCsȱhasȱbeenȱ
described,ȱ whichȱ inȱ conjunctionȱ withȱ passiveȱ entrapment,ȱ isȱ mediatedȱ byȱ cellȱ surfaceȱ
adhesionȱmoleculesȱ (102).ȱ Itȱhasȱbeenȱ reportedȱ thatȱMSCsȱbothȱhomeȱ toȱ injuryȱ sitesȱ andȱ
secreteȱbioactiveȱfactorsȱthatȱmediateȱtheirȱtrophicȱandȱimmunomodulatoryȱfunctionsȱ(101).ȱ
MSCsȱutilizeȱaȱvarietyȱofȱmechanismsȱtoȱtargetȱthemselvesȱtoȱtheȱsiteȱofȱinflammation.ȱTheȱ
homingȱofȱMSCsȱisȱfacilitatedȱbyȱaȱcascadeȱofȱcellȱsurfaceȱmoleculesȱandȱchemokinesȱwhichȱ
directȱ theȱ cellsȱ toȱ theȱpertinentȱ sites.ȱ Itȱhasȱbeenȱ reportedȱ thatȱ stemȱ cellsȱ exploitȱ similarȱ
mechanismsȱasȱthoseȱusedȱbyȱleucocytesȱwhenȱmigratingȱtoȱtheirȱtargetȱtissuesȱ(Figureȱ2).ȱȱ
 
Figure 2.Representation of MSCs homing and migration (modified from 87). Homing of MSCs is 
regulated by several molecules which act at different stages from tethering to adhesion and 
transendothelial migration. The molecules involved are CD44, integrins and selectins, VCAM-1, 
galectin-1, CXCR4, and VLA-4. 
 
Duringȱmigration,ȱ theȱcellsȱseemȱ toȱundertakeȱaȱsequenceȱofȱadhesionȱstepsȱstartingȱwithȱ
tethering,ȱwhichȱ areȱ controlledȱ byȱ selectins.ȱAfterȱ tethering,ȱ theȱ capturedȱ cellsȱ roll,ȱ thenȱ
encounterȱtheȱchemokinesȱandȱchemokinesȱthatȱareȱresponsibleȱforȱactivationȱofȱintegrins,ȱ
whichȱ promoteȱ firmȱ adhesionȱ andȱ transendothelialȱmigrationȱ ofȱ cells.ȱDuringȱ theȱMSCȱ
homingȱprocess,ȱseveralȱmoleculesȱsuchȱasȱCD44,ȱCXCR4,ȱintegrinsȱandȱselectins,ȱVCAMȬ1,ȱ
VLAȬ4ȱandȱgalectinȬ1ȱareȱlikelyȱtoȱactȱandȱplayȱvitalȱrolesȱatȱdifferentȱstepsȱ(103–105).  
2.7 CELL TRANSPLANTATION IN EXPERIMENTAL MODELS OF STROKE 
Positiveȱ behavioralȱ treatmentȱ effectsȱ haveȱ beenȱ observedȱ withȱ IC,ȱ IV,ȱ IA,ȱ
intracerebroventricularȱ andȱ intranasalȱ transplantationȱ ofȱ stem/progenitorȱ cells.ȱHowever,ȱ
theȱ optimalȱ deliveryȱ routeȱwithȱwhichȱ toȱ infuseȱ theseȱ cellsȱ intoȱ theȱ brainȱ afterȱ cerebralȱ
ischemiaȱremainsȱtoȱbeȱelucidated.ȱ
2.7.1ȱDeliveryȱrouteȱ
Theȱdeliveryȱrouteȱ chosenȱ forȱ cellȱ isȱ oneȱ ofȱ theȱ majorȱ factorsȱ affectingȱ theȱ therapeuticȱ
efficacy.ȱVariousȱroutesȱ forȱ deliveringȱ theȱ cellsȱ forȱ treatmentȱ ofȱ strokeȱ routesȱhaveȱ beenȱ
developedȱandȱevaluatedȱ(8).ȱȱ
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2.7.1.1ȱIntracerebralȱandȱintracerebroventricularȱroutesȱ
Comparedȱ toȱotherȱdeliveryȱ routes,ȱ theȱ ICȱ routeȱ resultsȱ inȱmoreȱ transplantedȱ cellsȱbeingȱ
presentȱ inȱ theȱ perilesionalȱ site.ȱ However,ȱ thereȱ areȱ safetyȱ issuesȱ relatedȱ toȱ stereotaxicȱ
injectionȱwhichȱmakeȱthisȱdeliveryȱrouteȱveryȱinvasiveȱasȱmultipleȱinjectionsȱareȱrequired.ȱ
Severeȱadverseȱeffectsȱinvolvingȱmotorȱworsening,ȱsyncope,ȱseizures,ȱandȱchronicȱsubduralȱ
hematomaȱ haveȱ beenȱ reportedȱ inȱ earlyȱ clinicalȱ trialsȱ whereȱ intraparenchymalȱ cellȱ
implantationȱwasȱappliedȱ(106,107)ȱandȱinȱaddition,ȱthereȱareȱtumorigenicityȱconcerns.ȱȱTheȱ
intracerebroventricularȱ deliveryȱ methodȱ isȱ lessȱ invasiveȱ thanȱ directȱ parenchymalȱ
implantation.ȱ However,ȱ aȱ comparativeȱ studyȱ ofȱ intracerebroventricularȱ injectionȱ andȱ
intraparenchymalȱ cellȱ implantsȱofȱCTX0E03ȱhumanȱneuralȱ stemȱ cellsȱ (NSCs)ȱafterȱ strokeȱ
revealedȱ thatȱ intracerebroventricularȱ injectionȱ didȱ notȱ leadȱ toȱ anyȱ improvementȱ (108).ȱ
Neverthless,ȱ inȱ ratsȱ theȱ administrationȱ ofȱ intrathecalȱ umbilicalȱ cordȱ MSCsȱ (UCMSCs)ȱ
seemedȱ toȱ improveȱmotorȱ functionȱ andȱ lessenedȱ theȱ ischemicȱ damageȱ ofȱ experimentalȱ
strokeȱ (109).ȱAȱ fewȱ clinicalȱ trialsȱ haveȱ beenȱ performedȱwithȱ theȱ intracerebroventricularȱ
deliveryȱ routeȱ (110).ȱ Inȱoneȱofȱ theȱpioneerȱ studies,ȱ someȱ strokeȱpatientsȱdevelopedȱ feverȱ
andȱmeningealȱ signsȱ afterȱ cellȱ implantationȱ (111).ȱHence,ȱ directȱ centralȱ nervousȱ systemȱ
(CNS)ȱ graftingȱ ofȱ stemȱ cellsȱ byȱ theseȱ deliveryȱ routesȱ hasȱ notȱ yetȱ beenȱ provenȱ toȱ beȱ
sufficientlyȱ safeȱ forȱ clinicalȱ application.ȱ Atȱ present,ȱ intracerebralȱ transplantationȱ ofȱ
allogeneicȱNSCsȱ isȱ beingȱ testedȱ forȱ theȱ treatmentȱ ofȱ patientsȱwithȱ ischemicȱ strokeȱ inȱ aȱ
clinicalȱtrialȱcalledȱPilotȱInvestigationȱofȱStemȱCellsȱinȱStrokeȱ(PISCES)ȱ(112).ȱ
2.7.1.2ȱIntravascularȱrouteȱȱ
Intravascularȱ transplantationȱ ofȱ cellsȱ isȱ aȱminimallyȱ invasiveȱ andȱ perhapsȱ providesȱ theȱ
mostȱlikelyȱformȱofȱdeliveryȱtoȱhaveȱclinicalȱapplications.ȱItȱachievesȱaȱwideȱcellȱdistributionȱ
inȱ closeȱ proximityȱ toȱ theȱ ischemicȱ tissue.ȱ Thereȱ areȱ reportsȱ showingȱ thatȱ boneȱmarrowȱ
derivedȱ cellsȱ canȱ enterȱ theȱ brainȱ andȱ expressȱ astrocyticȱ orȱ microglialȱ antigensȱ (113),ȱ
althoughȱ entryȱ ofȱ cellsȱ intoȱ theȱ CNSȱ mayȱ notȱ beȱ necessaryȱ toȱ achieveȱ theȱ desiredȱ
therapeuticȱeffectsȱ (97).ȱTheȱ firstȱ studyȱofȱ IVȱ infusionȱofȱcellsȱ reportedȱgoodȱefficacyȱ inȱaȱ
rodentȱexperimentalȱmodelȱofȱtraumaticȱbrainȱinjuryȱ(114).ȱSubsequently,ȱtheȱsameȱresearchȱ
groupȱ alsoȱ reportedȱ IAȱ administrationȱ ofȱ BMMSCsȱ asȱ beingȱ effectiveȱ atȱ achievingȱ aȱ
functionalȱ recoveryȱ inȱ anȱ experimentalȱ strokeȱ modelȱ (115).ȱ Later,ȱ theȱ reportsȱ ofȱ cellsȱ
deliveredȱ withȱ theseȱ deliveryȱ routesȱ haveȱ greatlyȱ expanded.ȱWhenȱ theȱ administrationȱ
routesȱwereȱ comparedȱ inȱ 1990Ȭ2010,ȱ itȱwasȱ notedȱ thatȱ thereȱ hasȱ beenȱ aȱ shiftȱ fromȱ theȱ
intracerebralȱtoȱintravascularȱroutesȱ(8).ȱInȱaddition,ȱthisȱcomparativeȱanalysisȱrevealedȱthatȱ
boneȱmarrowȱstromalȱcellsȱbecameȱmoreȱcommonlyȱusedȱtoȱstudyȱtheȱfunctionalȱrecovery,ȱ
andȱbothȱIAȱasȱwellȱasȱIVȱdeliveryȱwereȱeffectiveȱinȱstrokeȱmodels.ȱȱ
ȱ
Intravenousȱdeliveryȱȱ
TheȱabilityȱofȱcellsȱtransplantedȱIVȱtoȱreduceȱinfarctȱsizeȱorȱtoȱinduceȱaȱfunctionalȱrecoveryȱ
hasȱbeenȱdemonstratedȱinȱseveralȱanimalȱstudies.ȱTheȱmostȱcommonȱbloodȱvesselsȱusedȱforȱ
infusionȱinȱrodentsȱareȱtail,ȱjugular,ȱfemoralȱandȱpenileȱveins.ȱChenȱandȱcolleaguesȱwereȱtheȱ
firstȱtoȱuseȱIVȱinfusionȱofȱBMMSCsȱandȱhumanȱumbilicalȱcordȱbloodȱcellsȱ(HUCBCs)ȱinȱtheȱ
treatmentȱofȱstrokeȱ(98,116).ȱTheȱmainȱobjectiveȱofȱtheseȱexperimentalȱstudiesȱwasȱtoȱassessȱ
whetherȱtheȱcellsȱcouldȱinduceȱaȱfunctionalȱrecoveryȱafterȱstrokeȱandȱtoȱoptimizeȱtheȱtimingȱ
ofȱcellȱtransplantation.ȱTheȱgreatestȱrecoveryȱwasȱfoundȱwhenȱtheȱcellsȱwereȱadministeredȱ
afterȱ 24ȱhȱpostȱ ischemia.ȱHowever,ȱ theȱ investigatorsȱ couldȱnotȱobserveȱ anyȱ effectȱofȱ cellȱ
deliveryȱ onȱ infactȱ sizeȱ andȱ onlyȱ 10%ȱ ofȱ infusedȱ cellsȱ hadȱ locatedȱ inȱ theȱ infarctedȱ
hemisphere.ȱ Fewȱ studiesȱ haveȱ comparedȱ theȱ differentȱ deliveryȱ routesȱ (113,114–116,117).ȱ
Willingȱetȱalȱ(117)ȱdeterminedȱthatȱIVȱdeliveryȱwasȱsuperiorȱtoȱintraparenchymalȱinjectionȱ
intoȱ theȱ injuredȱ striatum.ȱTheȱnumbersȱofȱ cellsȱ requiredȱ toȱ improveȱbehavioralȱ recoveryȱ
andȱ toȱ reduceȱ infarctȱ sizeȱ (122),ȱ andȱ optimumȱ timingȱ ofȱ cellȱ deliveryȱ (123)ȱ haveȱ beenȱ
explored.ȱTheȱintravenousȱinjectionȱofȱ111In–oxineȱlabeledȱHUCBCsȱinȱratsȱafterȱMCAOȱhasȱ
revealedȱthatȱtheȱmajorityȱofȱcellsȱwereȱlocalizedȱprimarilyȱinȱtheȱinternalȱorgansȱ(19).ȱItȱwasȱ
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reportedȱ inȱ subsequentȱ studiesȱ thatȱ onlyȱ 1%ȱ ofȱ cellsȱ couldȱ beȱ detectedȱ inȱ theȱ brainȱ
circulation,ȱwithȱmostȱ cellsȱ beingȱ trappedȱ inȱ theȱ internalȱ organsȱ suchȱ asȱ lung,ȱ kidney,ȱ
spleen,ȱandȱliverȱ(16).ȱSeveralȱotherȱgroupsȱalsoȱhaveȱreportedȱtheȱmassiveȱaccumulationȱofȱ
cellsȱintoȱtheȱinternalȱorgansȱafterȱIVȱinfusionȱ(23,124,125).ȱItȱhasȱbeenȱfoundȱthatȱunwantedȱ
accumulationȱ ofȱ cellsȱ intoȱ filteringȱ organsȱ isȱ notȱ relatedȱ toȱ cellȱ typeȱ orȱ timingȱ ofȱ cellȱ
transplantationȱ(126).ȱ
IntraȬarterialȱdeliveryȱ
IAȱ transplantationȱ refersȱ toȱ theȱ endovascularȱ deliveryȱ ofȱ cellsȱ directlyȱ intoȱ theȱ arteriesȱ
perfusingȱ theȱbrainȱ tissue.ȱTheȱ firstȱ IAȱ infusionȱstudiesȱ inȱstrokeȱanimalsȱ involvedȱBrdUȬ
labeledȱBMSCsȱandȱtheȱcellsȱwereȱinfusedȱintoȱtheȱinternalȱcarotidȱarteryȱ(ICA)ȱ(115).ȱWhenȱ
comparedȱtoȱcontrolȱgroup,ȱ itȱwasȱfoundȱthatȱtheȱcellȱ infusedȱanimalsȱscoredȱbetterȱonȱanȱ
adhesiveȱ removalȱ testȱ andȱ neurologicalȱ severityȱ score,ȱ butȱ thereȱ wereȱ noȱ significantȱ
differencesȱ foundȱ inȱ infarctȱ size.ȱ Moreover,ȱ almostȱ 21%ȱ ofȱ cellsȱ wereȱ detectedȱ inȱ theȱ
infarctedȱ hemisphere.ȱ Inȱ addition,ȱ itȱ wasȱ reportedȱ thatȱ theȱ IAȱ infusionȱ increasedȱ
angiogenesisȱ andȱ proliferationȱ ofȱ NG2+veȱ oligodendrocyteȱ progenitorsȱ (127).ȱ IAȱ cellȱ
infusionȱmayȱrepresentȱaȱsuperiorȱdeliveryȱrouteȱsinceȱ itȱmayȱavoidȱ trappingȱofȱcellsȱ intoȱ
theȱfilteringȱorgansȱandȱhenceȱitȱcanȱenhanceȱcellȱdeliveryȱtoȱtheȱtargetȱsiteȱ(126,128–130).ȱItȱ
hasȱbeenȱproposedȱ thatȱ theȱ IAȱrouteȱ isȱmoreȱefficientȱ thanȱ IVȱatȱreducingȱ theȱ infarctȱsizeȱ
andȱ improvingȱ theȱ functionalȱ recoveryȱ sinceȱ theȱ cellsȱwouldȱbeȱdirectlyȱdeliveredȱ toȱ theȱ
brain.ȱIndeed,ȱIAȱdeliveryȱofȱlabelledȱESȱcellsȱresultedȱinȱaȱminorȱengraftmentȱofȱcellsȱintoȱ
theȱ ischemicȱhemisphereȱwhereasȱnoȱ SPECTȱ signalȱwasȱdetectedȱ afterȱ IVȱ infusionȱ (126).ȱ
WalczakȱandȱcolleaguesȱcomparedȱIVȱdeliveryȱofȱMSCsȱinȱMCAOȱratsȱwithȱIAȱinfusionȱbyȱ
usingȱ laserȱDopplerȱ bloodȱ flowȱmonitoringȱ andȱ ironȱ labelledȱ cellsȱ onȱMRIȱ (130).ȱ Itȱwasȱ
foundȱ thatȱ onlyȱ IAȱ deliveryȱ achievedȱ successfulȱ althoughȱ aȱ variableȱ cerebralȱ cellȱ
engraftment,ȱwhichȱwasȱperhapsȱbecauseȱofȱmicrovascularȱocclusions.ȱLiȱetȱal.,ȱ (129)ȱalsoȱ
confirmedȱthatȱengraftmentȱwasȱassociatedȱwithȱhighȱmorbidity.ȱSubsequently,ȱaȱmodifiedȱ
infusionȱ techniqueȱwithȱpreservedȱbloodȱ flowȱ inȱ theȱcommonȱcarotidȱarteryȱwasȱusȱedȱ toȱ
preventȱtheȱdecreaseȱinȱcerebralȱbloodȱflowȱ(CBF)ȱandȱtheȱdevelopmentȱofȱmicroȬocclusionsȱ
(128).ȱTheȱsuperiorityȱofȱIAȱoverȱIVȱdeliveryȱhasȱbeenȱalsoȱsupportedȱbyȱtransplantationȱofȱ
mouseȱ NSCsȱ inȱ aȱ mouseȱ hypoxiaȬischemiaȱ modelȱ (125),ȱ inȱ thatȱ experiment,ȱ theȱ
transplantedȱcellsȱwereȱpresentȱinȱtheȱbrainȱforȱtwoȱweeksȱafterȱinjectionȱviaȱtheȱIAȱroute.ȱ
Neverthless,ȱbothȱIVȱandȱIAȱdeliveryȱroutesȱwereȱshownȱtoȱachieveȱneuroprotectionȱandȱtoȱ
improveȱ theȱneurologicalȱ recoveryȱ (119).ȱReportsȱonȱ studiesȱusingȱ IAȱdeliveryȱ routeȱandȱ
MSCsȱinȱexperimentalȱstrokeȱmodelsȱareȱsummarizedȱinȱTableȱ1.ȱȱȱȱ
MostȱofȱtheseȱpreclinicalȱsummarizedȱstudiesȱinȱTableȱ1ȱhaveȱdemonstratedȱtheȱ
efficacyȱofȱcellȱtransplantationȱafterȱIAȱdelivery.ȱInȱgeneralȱtheȱIAȱrouteȱhasȱtheȱpotentialȱtoȱ
maximizeȱ theȱeffectȱofȱ theȱdeliveryȱofȱaȱsmallerȱnumberȱofȱMSCsȱ inȱ theȱselectedȱvascularȱ
territory.ȱMostȱofȱtheȱpreclinicalȱstudiesȱhaveȱusedȱaȱcellȱdoseȱofȱaroundȱ1ȱxȱ106ȱcellsȱperȱratȱ
andȱ inȱmostȱcases,ȱ theȱcellsȱwereȱadministeredȱ24ȱhȱafterȱ theȱ insult.ȱHowever,ȱ inȱorderȱ toȱ
avoidȱtheȱriskȱofȱtheȱvascularȱocclusionȱassociatedȱwithȱIAȱdelivery,ȱtheȱcellȱdose,ȱtheȱsizeȱofȱ
theȱcellsȱandȱtheȱvelocityȱofȱ injectionȱareȱkeyȱdeterminantsȱ(131).ȱOnlyȱaȱfewȱstudiesȱhaveȱ
comparedȱtheȱIAȱandȱIVȱdeliveryȱroutesȱ(119)ȱandȱsimilarlyȱfewȱstudiesȱhaveȱconsideredȱtheȱ
investigationȱofȱtheȱdoseȬdependentȱefficacyȱandȱsafetyȱofȱIAȱdeliveryȱofȱMSCs.ȱOneȱstudyȱ
haveȱ indicatedȱ thatȱ transplantationȱofȱcellsȱatȱ24ȱh,ȱbutȱnotȱ1ȱh,ȱafterȱstrokeȱcouldȱexertȱaȱ
therapeuticȱeffectȱ(132).ȱ 
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2.7.2ȱCellȱdoseȱandȱtherapeuticȱtimeȱwindowȱ
Theȱtherapeuticȱcellȱdoseȱinȱstrokeȱanimalsȱisȱstillȱnotȱabsolutelyȱclear.ȱWhenȱHUCBCsȱ(104ȱ
upȱ toȱ5ȱxȱ107)ȱwereȱadministeredȱ toȱ ratsȱbyȱ IVȱ infusionȱatȱ24ȱhȱafterȱ theȱ stroke,ȱ theȱ cellsȱ
improvedȱtheȱbehavioralȱoutcomeȱinȱaȱdoseȬdependentȱmannerȱ(122).ȱInȱorderȱtoȱpromoteȱaȱ
behavioralȱ recovery,ȱ aȱdoseȱ ofȱ 1ȱ xȱ 106ȱwasȱ consideredȱ asȱ theȱ threshold.ȱLikewise,ȱdosesȱ
moreȱ thanȱ3ȱxȱ106ȱofȱhumanȱumbilicalȱ tissueȬderivedȱ cellsȱ (HUTCs)ȱenhancedȱbehavioralȱ
recoveryȱandȱ improvedȱseveralȱbrainȱrepairȱmechanismsȱ (143).ȱAȱmetaȬanalysisȱ involvingȱ
60ȱ preclinicalȱ experimentalȱ studiesȱ alsoȱ describedȱ aȱ doseȬresponseȱ associationȱ betweenȱ
treatmentȱeffectsȱandȱtheȱnumberȱofȱinjectedȱcellsȱ(144).ȱAȱtherapeuticȱeffectȱandȱbenefitȱhasȱ
beenȱdescribedȱafterȱaȱsingleȱhighȱcellȱdoseȱ(3ȱxȱ106)ȱinfusionȱofȱhumanȱMSCsȱwithinȱ6ȱhȱofȱ
strokeȱandȱthisȱwasȱbetterȱthanȱcouldȱbeȱachievedȱwithȱseveralȱinfusionsȱofȱȱlowȱdosesȱ(145).ȱ
Hence,ȱ itȱ canȱ beȱ concludedȱ thatȱ repeatedȱ cellȱ dosingȱ mayȱ notȱ beȱ beneficial.ȱWhileȱ inȱ
preclinicalȱ studies,ȱ theȱ cellȱ doseȱ hasȱ beenȱ claimedȱ toȱ beȱ aroundȱ 1ȱ xȱ 106,ȱ itȱ isȱ moreȱ
challengingȱ toȱ estimateȱ theȱ idealȱ cellȱ doseȱ thatȱ wouldȱ workȱ inȱ clinicalȱ studies.ȱ Asȱ
mentionedȱ inȱ theȱSTEPSȱ reportȱ (11),ȱdosingȱ shouldȱbeȱbasedȱonȱ theȱdoseȬresponseȱ curveȱ
andȱtheȱmaximumȱtoleratedȱdose.ȱInȱearlyȱphaseȱclinicalȱtrials,ȱtheȱdosesȱwereȱscaledȱtoȱtheȱ
bodyȱweightȱandȱhaveȱrangedȱfromȱ5ȱxȱ107ȱtoȱ0.5ȱȬȱ5ȱxȱ108ȱperȱpatientȱ(146,147).ȱ
Theȱ cellsȱ haveȱ beenȱ infusedȱ ǂȱ 24hȱ afterȱ theȱ strokeȱ inȱmostȱ ofȱ experimentalȱ
studiesȱ(67%)ȱ(148).ȱThisȱisȱpartiallyȱdueȱtoȱtheȱopeningȱofȱbloodȬbrainȱbarrierȱ(BBB)ȱwhichȱ
occursȱ afterȱ aȱ stroke,ȱ andȱ thisȱ allowsȱ cellsȱ toȱpenetrateȱ intoȱ theȱbrainȱparenchymaȱ (149).ȱ
Moreover,ȱ theȱ expressionȱ ofȱ variousȱ chemotacticȱ signalsȱ peakȱ atȱ thisȱ timeȱ andȱ theseȱ
compoundsȱdirectȱtheȱcellsȱtowardsȱtheȱischemicȱzoneȱ(150,151).ȱThoughȱcellȱinfusionȱatȱanȱ
earlierȱ timeȱ pointȱ mayȱ provideȱ neuroprotectionȱ (152,153),ȱ theȱ hostileȱ environmentȱ canȱ
endangerȱ theȱsurvivalȱofȱ theȱ infusedȱcellsȱ forȱaȱ longerȱduration.ȱAtȱ laterȱ timeȱpoints,ȱcellȱ
infusionȱmayȱ targetȱsecondaryȱneurodegenerationȱandȱpromoteȱanȱ improvementȱofȱbrainȱ
repairȱmechanismsȱ(154).ȱTheȱenhancedȱrecoveryȱofȱfunctionsȱandȱassociatedȱangiogenesisȱ
inȱ corticalȱ areasȱnextȱ toȱ theȱ infarctȱhaveȱbeenȱobservedȱ evenȱwhenȱMCAOȱ ratsȱ receivedȱ
MSCsȱupȱtoȱ1ȱmonthȱafterȱtheȱstrokeȱ(151,97).ȱThereȱisȱmorphologicalȱandȱbehavioralȱdataȱ
suggestingȱthatȱtheȱpostȬstrokeȱbrainȱhasȱaȱheightenedȱsensitivityȱtoȱrehabilitativeȱtreatmentȱ
earlyȱafterȱischemiaȱ(1ȱwk),ȱbutȱthisȱdeclinesȱwithȱtimeȱ(2ȱwk)ȱ(156).ȱȱ
2.8 MECHANISM OF ACTION OF MSCs IN STROKE TREATMENT   
Severalȱdifferentȱmechanismsȱofȱactionȱhaveȱbeenȱpostulatedȱ toȱaccountȱ forȱ theȱeffectsȱofȱ
MSCsȱinȱstrokeȱtreatment.ȱTheseȱincludeȱtheȱdifferentiationȱofȱMSCsȱintoȱcellsȱrelevantȱforȱ
repair,ȱimmunomodulation,ȱpromotionȱofȱangiogenesisȱandȱneurogenesis,ȱandȱsecretionȱofȱ
neurotrophicȱ factorsȱ (Figureȱ 1).ȱVariousȱ techniquesȱhaveȱbeenȱ appliedȱ toȱgatherȱ insightsȱ
intoȱtheseȱmechanismsȱ(Tableȱ2).ȱ
2.8.1ȱCellȱreplacementȱ
Inȱ vitroȱ studiesȱ haveȱ shownȱ thatȱMSCsȱ areȱ ableȱ toȱ differentiateȱ intoȱmultipleȱ lineages,ȱ
includingȱ expressionȱ ofȱ glialȱ andȱ neuronalȱ markers,ȱ whichȱ ledȱ toȱ theȱ hypothesisȱ thatȱ
transdifferentiationȱ ofȱ deliveredȱMSCsȱmightȱ playȱ anȱ importantȱ roleȱ inȱ improvingȱ theȱ
outcomesȱafterȱstrokeȱ(90,157,158).ȱMSCsȱareȱalsoȱableȱtoȱdifferentiateȱintoȱendothelialȱcellsȱ
(159).ȱSeveralȱgroupsȱhaveȱdescribedȱ theȱexpressionȱofȱneuronalȱandȱglialȱmarkersȱ inȱ theȱ
CNSȱafterȱcellȱinfusionȱinȱstrokeȱrodentȱmodelsȱ(98,99,160–162).ȱNonetheless,ȱconfirmationȱ
isȱlackingȱthatȱMSCsȱcanȱbecomeȱfunctionalȱreplacementsȱforȱgliaȱorȱneuronsȱandȱneitherȱisȱ
thereȱconclusiveȱevidenceȱtoȱconfirmȱthatȱMSCsȱdirectlyȱdifferentiateȱintoȱcellsȱthatȱreplaceȱ
damagedȱ cerebralȱ cellsȱ afterȱ ischemiaȱ (157,163,164).ȱRatherȱ thanȱ cellȱ replacement,ȱMSCsȱ
mayȱexertȱaȱparacrineȱroleȱinȱpromotingȱtheȱchangesȱleadingȱtoȱaȱfunctionalȱrecovery.ȱ
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2.8.2ȱModulationȱofȱtheȱimmuneȱsystemȱ
Intenseȱ inflammatoryȱ responsesȱ areȱ inducedȱ byȱ anȱ ischemicȱ stroke,ȱ whichȱ leadsȱ toȱ
consequentȱ recruitementȱ ofȱ leukocytesȱ intoȱ theȱ infarctȱ zoneȱ (165).ȱ MSCsȱ areȱ alsoȱ
immunomodulatoryȱandȱareȱableȱtoȱdepressȱbothȱ innateȱandȱadaptiveȱ immuneȱresponses.ȱ
MSCsȱ canȱ playȱ aȱ roleȱ inȱ regulatingȱ Tȱ cellȬmediatedȱ processesȱ byȱ preventingȱ TȬcellȱ
proliferationȱandȱbyȱendorsingȱaȱTȬregulatoryȱcellȱphenotypeȱasȱwellȱasȱbyȱexertingȱaȱnonȬ
specificȱ suppressiveȱ effectȱ onȱCD8+ȱ andȱCD4+ȱ Tȱ cellsȱ (86,166–168).ȱ Inȱ vitroȱ studiesȱ haveȱ
revealedȱ clearȱ reductionsȱ inȱ theȱ proliferationȱ ofȱ leukocytesȱ andȱ changesȱ inȱ theirȱ
differentiationȱ afterȱ coculturingȱ withȱ MSCsȱ (169–171).ȱ Theȱ MSCsȱ canȱ alsoȱ controlȱ theȱ
functionȱ ofȱ antigenȬpresentingȱ cellsȱ andȱBȱ cellsȱ (172–175).ȱMostȱ ofȱ theȱ effectsȱ thatȱMSCsȱ
exertȱonȱtheȱimmuneȱsystemȱhaveȱbeenȱlinkedȱtoȱtheȱneuralȱrepairȱprocessesȱoccurringȱafterȱ
aȱstroke.ȱForȱinstance,ȱMSCsȱsupportȱtheȱresolutionȱofȱtheȱpoststrokeȱinflammatoryȱmilieuȱ
thatȱ canȱ obstructȱ repair,ȱ andȱ canȱ alterȱmacrophageȱ profilesȱ toȱ thoseȱ thatȱ areȱ helpfulȱ toȱ
repairȱ (174,176).ȱOneȱ importantȱ featureȱofȱMSCȱ infusionȱ isȱ itsȱ remoteȱeffectȱonȱ theseȱ cellȱ
typesȱmightȱ influenceȱ theȱ functionȱofȱ immuneȱ system,ȱ suchȱasȱ IVȱ infusedȱMSCsȱmayȱbeȱ
entrappedȱ inȱ theȱ lungȱ andȱ spleenȱbutȱ stillȱbeȱableȱ toȱmodulateȱ theȱ effectȱofȱ theȱ immuneȱ
systemȱonȱdistantȱorgansȱlikeȱtheȱbrainȱ(177).ȱ
2.8.3ȱAngiogenesisȱ
Angiogenesisȱinȱperilesionalȱareasȱisȱbelievedȱtoȱplayȱanȱimportantȱroleȱinȱtheȱregenerationȱ
andȱsurvivalȱofȱneuronsȱpostȬstroke.ȱMSCsȱsecreteȱdifferentȱcytokines,ȱmanyȱofȱwhichȱareȱ
proangiogenicȱ(66,178).ȱAlthough,ȱtheȱexactȱmoleculesȱmayȱdifferȱdependingȱonȱtheȱsourceȱ
ofȱtheȱcells.ȱThereȱareȱreportsȱthatȱMSCsȱcanȱpromoteȱtheȱsecretionȱofȱvascularȱendothelialȱ
growthȱ factorvȱ (VEGF),ȱplacentalȱ growthȱ factorȱ andȱ basicȱ fibroblastȱ growthȱ factorȱ (178–
180).ȱMostȱofȱtheȱangiogenicȱgrowthȱfactorsȱsuchȱasȱVEGFȱplayȱadditionalȱneuroprotectiveȱ
rolesȱ byȱ promotingȱ recruitmentȱ andȱ differentiationȱ ofȱ endogenousȱ neuronalȱ precursorsȱ
(181,182).ȱMSCsȱareȱ relatedȱ toȱpericytes,ȱhenceȱ thisȱmayȱallowȱ theȱ infusedȱMSCsȱ toȱhaveȱ
additionalȱ rolesȱ relevantȱ toȱ neuralȱ repairȱ poststroke,ȱ forȱ example,ȱ byȱ influencingȱ theȱ
vascularȱsupplyȱ(183).ȱThisȱpropertyȱmayȱalsoȱplayȱaȱroleȱsuchȱasȱencounteredȱinȱtheȱnormalȱ
pericyteȱ interactionsȱwithȱ endothelialȱ cellsȱ andȱ astrocytesȱ toȱ sustainȱ theȱ integrityȱ ofȱ theȱ
blood–brainȱbarrierȱ(184).ȱȱȱ
2.8.4ȱNeuroprotectiveȱandȱneurotrophicȱfactorsȱ
MSCsȱhaveȱbeenȱfoundȱtoȱsecreteȱaȱvarietyȱofȱneurotrophicȱandȱneuroprotectiveȱfactorsȱthatȱ
supportȱ recoveryȱ andȱ repairȱ throughȱ severalȱ pathwaysȱ (185).ȱ Cerebralȱ ischemiaȱ causesȱ
necrosisȱ andȱ apoptosisȱ ofȱ neuronsȱ andȱ glialȱ andȱ endothelialȱ cells.ȱ Itȱ hasȱ beenȱ reportedȱ
consistentlyȱthatȱtheȱdeliveryȱofȱMSCsȱinȱstrokeȱtherapyȱcanȱreduceȱtheȱextentȱofȱapoptosisȱ
andȱ increaseȱ cellȱ proliferationȱ (91).ȱ Thisȱ processȱ hasȱ mostlyȱ beenȱ attributableȱ toȱ theȱ
secretionȱofȱprosurvivalȱandȱantiapoptoticȱfactorsȱandȱalsoȱbyȱ indirectȱstimulationȱofȱCNSȱ
parenchymalȱ cellsȱ toȱ secreteȱneuroprotective,ȱneurotrophicȱ factorsȱ andȱproȬoligoȬdendroȬ
genicȱfactorsȱ(160,180,186).ȱThereȱareȱreportsȱthatȱoneȱofȱtheȱmostȱimportantȱindirectȱeffectsȱ
ofȱMSCsȱ inȱ strokeȱ isȱ theȱ inductionȱ ofȱ tPAȱ inȱ astrocytes,ȱ aȱ compoundȱwhichȱ promotesȱ
neuriteȱ outgrowthȱ asȱwellȱ asȱ beingȱneuroprotectiveȱ (187,188).ȱTheȱ secretionȱ ofȱVEGFȱ byȱ
MSCsȱmayȱhaveȱadditionalȱ supportingȱ rolesȱ inȱ repair,ȱ includingȱ increasedȱneurogenesis,ȱ
synaptogenesisȱandȱtheȱpreservationȱofȱwhiteȱmatterȱintegrityȱ(189).ȱ
2.8.5ȱSynaptogenesisȱandȱneurogenesisȱȱ
Theȱprocessȱassociatedȱwithȱtheȱformationȱofȱaȱnewȱsynapseȱisȱcalledȱsynaptogenesisȱandȱitȱ
canȱbeȱenhancedȱbyȱangiogenesis,ȱtoȱensureȱthatȱthereȱisȱO2ȱandȱglucoseȱsupplyȱtoȱtheȱtissueȱ
fromȱ theȱ bloodȱ vesselsȱ (150,186).ȱ Enhancedȱ expressionȱ ofȱ aȱ preȬsynapticȱ vesicleȱ protein,ȱ
synaptophysinȱwhichȱisȱconsideredȱasȱanȱindicatorȱofȱsynaptogenesisȱhasȱbeenȱrecognizedȱ
afterȱ strokeȱ treatmentȱ withȱ MSCsȱ (73).ȱ Bothȱ synaptogenesisȱ andȱ neurogenesisȱ mayȱ
contributeȱtoȱtheȱfunctionalȱimprovementȱoccurringȱafterȱaȱstroke.ȱNeurogenesisȱtakesȱplaceȱ
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inȱ theȱ subventricularȱzoneȱ (SVZ)ȱandȱ subgranularȱzoneȱ (SGZ)ȱofȱ theȱhippocampusȱ (191).ȱ
Theȱ transplantationȱMSCsȱafterȱ strokeȱhasȱbeenȱ reportedȱ toȱ furtherȱenhanceȱ endogenousȱ
cellȱ proliferationȱ inȱ theȱ hippocampusȱ andȱ theȱ SVZ,ȱ evidenceȱ thatȱ thereȱ hasȱ beenȱ someȱ
mobilizationȱofȱendogenousȱneuronalȱprecursorsȱ(91,160,192).ȱ
2.9 EXPERIMENTAL TECHNIQUES TO STUDY CELL THERAPIES IN 
STROKE 
Inȱ thisȱsection,ȱ theȱemphasisȱ isȱplacedȱonȱ theȱexperimentalȱ techniquesȱusedȱ toȱstudyȱcellȬ
basedȱtherapiesȱinȱstrokeȱanimalȱmodelsȱ(Tableȱ2).ȱItȱisȱbelievedȱthatȱtheseȱtechniquesȱandȱ
markersȱ canȱ provideȱ insightsȱ intoȱmechanismȱ ofȱ actionȱ ofȱMSCsȱ afterȱ stroke,ȱ especiallyȱ
thoseȱcontributingȱtoȱtheȱtherapeuticȱefficacy.ȱ
2.9.1ȱBehavioralȱtestsȱ ȱ
Theȱultimateȱgoalȱofȱrestorativeȱstrategiesȱinȱstrokeȱpatientsȱisȱtheȱfacilitationȱofȱfunctionalȱ
gains.ȱItȱisȱnecessaryȱtoȱidentifyȱeffectiveȱtherapeuticȱtreatmentsȱandȱbehavioralȱfunctionalȱ
deficitsȱ inȱ animalȱmodelsȱ ofȱ cerebralȱ ischemiaȱ beforeȱ oneȱ canȱhaveȱ feasibleȱ translationalȱ
possibilitiesȱ(193).ȱInȱsurvivingȱvictimsȱafterȱstroke,ȱtheȱmostȱsignificantȱfunctionalȱdeficitsȱ
areȱupperȱextremityȱmotorȱ impairmentsȱ (194).ȱSeveralȱofȱ theȱ testsȱwhichȱassessȱfunctionalȱ
deficitsȱinȱratsȱafterȱaȱstrokeȱareȱshownȱinȱTableȱ2.ȱTheȱtasksȱrangeȱfromȱthoseȱthatȱmeasureȱ
skilledȱ orȱ acquiredȱ sensorimotorȱ behaviorsȱ toȱ thoseȱ thatȱ assessȱunskilledȱ orȱ preȬexistingȱ
behavior.ȱȱ
Performanceȱ ofȱ skilledȱ behaviorȱ testsȱ requireȱ aȱ sufficientȱ amountȱ ofȱ preȬ
trainingȱandȱtheseȱtestsȱalsoȱoftenȱinvolveȱfoodȱrestrictionȱinȱorderȱtoȱmotivateȱtheȱrat.ȱTheȱ
skilledȱ behaviorȱ testsȱ includeȱ taskȱ ofȱ skilledȱ forelimbȱ reachingȱ suchȱ asȱ theȱMontoya’sȱ
staircaseȱtask,ȱwhichȱ isȱaȱreachȬtoȬgraspȱtask.ȱInȱthisȱtest,ȱtheȱratȱneedsȱtoȱ learnȱtoȱretrieveȱ
pellets,ȱwhichȱhaveȱbeenȱplacedȱonȱaȱdescendingȱstaircaseȱ (195).ȱTheȱ trayȱreachingȱ testȱ isȱ
carriedȱoutȱinȱaȱplasticȱboxesȱwithȱsmallȱmetalȱbarsȱatȱtheȱfrontȱopening.ȱInȱthisȱtask,ȱtheȱratȱ
isȱplacedȱonȱaȱboxȱandȱitȱhasȱtoȱlearnȱtoȱreachȱbetweenȱtheȱbarsȱandȱgraspȱtheȱfood,ȱscoresȱ
areȱ calculatedȱ asȱ%ȱ ofȱ successfulȱ reachesȱ (196).ȱ Theȱ singleȱ pelletȱ reachingȱ taskȱ isȱmoreȱ
difficultȱthanȱtheȱtrayȱreachingȱtest.ȱInȱthisȱtest,ȱtheȱratsȱareȱtrainedȱtoȱretrieveȱsingleȱfoodȱ
pelletȱplacedȱoutsideȱofȱtheirȱcageȱ(197).ȱInȱtheȱpastaȱmatrixȱreachingȱtest,ȱtheȱtaskȱratȱneedsȱ
toȱ reachȱ throughȱ highȱ verticalȱ slotȱ toȱ abtainȱ piecesȱ ofȱ pastaȱ placedȱ onȱ aȱ shelfȱ andȱ theȱ
numberȱofȱpiecesȱgatheredȱareȱcountedȱ(198,199).ȱȱȱȱ
Inȱunskilledȱbehaviorȱtestsȱnoȱspecialȱtrainingȱisȱrequired,ȱhowever,ȱevenȱtheseȱ
theȱ testsȱ needȱ shortȱ trainingȱ simplyȱ toȱ familiarizeȱ theȱ ratȱ withȱ handling.ȱ Someȱ ofȱ theȱ
unskilledȱ testsȱwillȱbeȱbrieflyȱdescribed.ȱTheȱcylinderȱ testȱ isȱusedȱ toȱassessȱasymmetryȱ inȱ
forelimbȱ useȱwhenȱ theȱ ratȱ isȱ placedȱ insideȱ aȱ cylinderȱ (200).ȱ Theȱ forelimbȱ placingȱ test,ȱ
attemptsȱ toȱ evaluateȱ responsesȱ toȱ proprioceptionȱ andȱ tactileȱ stimulation.ȱ Itȱ involvesȱ
vibrissaeȬstimulatedȱ forelimbȱ placingȱ andȱ extinctionȱ placingȱ tests.ȱ Theȱ footȱ faultȱ testsȱ
measuresȱ behaviorȱ onȱ aȱ rotatingȱ wheel,ȱ elevatedȱ gridȱ orȱ ladder.ȱ Theȱ sunflowerȱ seedȱ
openingȱ taskȱ isȱusedȱ toȱassessȱbilateralȱobjectȱmanipulationȱskillsȱandȱmotorȱ impairmentsȱ
(201,202).ȱTheȱadhesiveȱremovalȱtestȱevaluatesȱasymmetriesȱinȱstimulusȬdirectedȱmovementȱ
andȱcerebralȱischemiaȱrelatedȱimpairmentsȱofȱtactileȱextinctionȱ(115,203,204). 
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Table 2.ȱExperimental techniques to study cell-based therapies in stroke 
ȱȱ
Name of technique Description 
Behavioral tests (144,190,191, 192, 193) 
Adhesive removal test Sensory function and motor learning 
Corner test Sensorimotor and postural asymmetries 
Cylinder test Spontaneous forelimb use 
Ledged tapered beam Hindlimb functioning 
Limb placing test Hindlimb/forelimb responses to tactile and proprioceptive stimulation 
mNSS Composite of motor, sensory, reflexes, and balance deficits 
Montoya’s staircase test Skilled forelimb use 
Morris water-maze Spatial learning and memory 
Rotarod test  Balance and motor impairment 
Imaging (44,208–210) 
MRI Imaging technique, which works by aligning magnetic spin of hydrogen 
molecules 
SPECT Imaging technique detecting radiation/photons from the radiotracers 
PET Detecting pairs of gamma rays emitted indirectly by radionuclide tracer 
Bioluminescence 
Detection of light during enzyme-mediated oxidation of a molecular 
substrate 
Fluorescence Visualization of fluorescent dyes as labels for molecular processes  
Histology (80,127,156,197,198, 199) 
DCX Neurogenesis 
Small vessel density analysis/ 
RECA-1  Angiogenesis 
VEGF, bFGF, IGF-1, NGF Proangiogenic molecules secreted by MSC 
vWF Staining for blood vessels 
Synaptophysin, GAP-43 Synaptogenesis, synapse quantification (semiquantitative).  
BDNF, PDGF-AA, bFGF, Ang2, 
CXCL-16, NAP-2, 
TGF-E, IGF-1 
Neurotrophic factors secreted by MSC that may have protective and/or 
regenerative properties in the context of stroke 
NeuN, GFAP Markers of neuronal and glial cells, respectively 
BrdU, Ki67  Proliferation 
Cleaved caspase Apoptosis 
Connexin-43 Astrocytic gap junctions 
CXCR4 Promigratory chemokine receptor expressed by MSCs 
SDF-1D Ligand for CXCR4 
TTC, MAP-2, NBT staining  Infarct size 
TLR4 Component of innate immune response induced during stroke 
TUNEL  Apoptosis 
AE, calcium staining Secondary pathology in the thalamus 
Ang2: angiopoietin 2; BDNF: brain-derived neurotrophic factor; bFGF: basic fibroblast growth factor; 
bFGF; basic fibroblast growth factor; BrdU: bromodeoxyuridine; CXCL-16: ligand 16; DCX: doublecortin; 
GAP-43: growth associated protein 43; GFAP: glial fibrillary acidic protein; IGF-1: insulin-like growth 
factor; MAP-2: microtubule-associated protein; 2 mNSS: modified neurologic severity scores; MRI: 
magnetic resonance imaging; NAP-2: neutrophil activating protein 2; NBT: nitroblue tetrazolium; NGF: 
nerve growth factor; PDGF-AA: platelet-derived growth factor AA; PET: positron emission computed 
tomography; RECA-1: anti-endothelial cell antibody; SDF-1: stromal cell-derived factor; SPECT: single 
photon emission computed tomography; TGF-E: transforming growth factor beta; TLR4; toll-like receptor 
4; TTC: triphenyltetrazolium chloride; TUNEL; terminal deoxynucleotidyl transferase dUTP nick end 
labeling; VEGF: vascular endothelial growth factor; vWF: von Willebrand factor.    
ȱ
ȱ
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Whenȱdesigningȱtheȱexperimentalȱsettingsȱwithȱwhichȱtoȱstudyȱcellȱtherapiesȱinȱ
stroke,ȱ itȱ isȱ recommendedȱ thatȱ oneȱ selectsȱ aȱ batteryȱ ofȱ sensorimotorȱ tests.ȱ Theȱ testsȱ
incorporatedȱ intoȱ theȱ studyȱ mustȱ beȱ sensitiveȱ enoughȱ toȱ detectȱ aȱ rangeȱ ofȱ motorȱ
impairmentsȱoverȱaȱ significantȱdurationȱofȱ time.ȱDifferentȱaspectsȱofȱmotorȱ functionsȱareȱ
affectedȱafterȱstroke,ȱhenceȱ itȱ isȱ importantȱtoȱuseȱtasksȱwhichȱmeasureȱofȱbothȱskilledȱandȱ
unskilledȱmotorȱabilities.ȱForȱ instance,ȱ theȱ inclusionȱofȱcylinderȱ tasks,ȱ forepawȱplacementȱ
andȱ singleȱpelletȱ reachingȱ tasksȱ enableȱ aȱmoreȱ completeȱ analysisȱ ofȱ theȱ influenceȱ ofȱ theȱ
treatmentȱ (207).ȱ Otherȱ importantȱ considerationsȱ areȱ theȱ timeȱ neededȱ toȱ analyzeȱ andȱ
administerȱtheȱtestsȱasȱwellȱasȱsensitivityȱofȱtheȱtestsȱforȱdetectingȱrecoveryȱorȱimpairment.ȱ
Hence,ȱ itȱ isȱdesirableȱ toȱperformȱmultipleȱbehavioralȱ testsȱ inȱanyȱassessmentȱofȱ theȱ longȬ
termȱfunctionalȱimpairmentȱandȱtheseȱshouldȱbeȱconductedȱinȱaȱblindȱmanner.ȱ
2.9.2ȱImagingȱȱ
Differentȱ imagingȱ modalitiesȱ suchȱ asȱ singleȱ photonȱ emissionȱ computedȱ tomographyȱ
(SPECT),ȱ positronȱ emissionȱ computedȱ tomographyȱ (PET),ȱ magneticȱ resonanceȱ imagingȱ
(MRI)ȱandȱopticalȱimagingȱareȱusedȱforȱtrackingȱofȱcellsȱinȱvivo.ȱVariousȱimagingȱmodalitiesȱ
haveȱbeenȱdescribedȱ inȱseveralȱreviewsȱ(214,215).ȱRecentlyȱsignificantȱ improvementsȱhaveȱ
beenȱ achievedȱ inȱ theȱutilityȱ ofȱ SPECT,ȱ andȱ numerousȱ commercialȱ systemsȱ areȱ currentlyȱ
availableȱ onȱ theȱmarketȱwithȱ resolutionȱ ofȱ aroundȱ 0.5ȱmmȱ (216).ȱ SPECTȱ imagingȱwithȱ
111indiumȱ oxineȱ (111InȬoxine)ȱ hasȱ beenȱ claimedȱ toȱ beȱ anȱ excellentȱmethodȱwithȱwhichȱ toȱ
studyȱ inȱ vivoȱ biodistributionȱ ofȱ cellsȱ inȱ strokeȱmodels.ȱ Theȱ cellȱ labelingȱ isȱ simpleȱ andȱ
straightforwardȱandȱitȱdoesȱnotȱcauseȱanyȱlossȱofȱviabilityȱofȱtheȱcells.ȱInȱaddition,ȱtheȱhalfȬ
lifeȱ ofȱ 111InȬoxineȱ isȱ approximatelyȱ 2.8ȱ daysȱwhichȱmeansȱ thatȱ itȱ isȱ possibleȱ toȱ performȱ
repeatedȱ imagingȱ afterȱ aȱ singleȱ injection.ȱAnotherȱ commonlyȱ usedȱ radiolabelȱ inȱ SPECTȱ
imagingȱ isȱ technetiumȬ99mȬhexamethylpropyleneamineȱ oximeȱ (99mTcȬHMPAO).ȱ SPECTȱ
imagingȱwhichȱ offersȱ highȱ sensitivityȱwithȱ shortȱ scanningȱ timesȱ (<5ȱmin),ȱ andȱ alsoȱ itȱ isȱ
possibleȱ toȱemployȱmultimodelȱ imagingȱ (MRI,ȱCT)ȱwithȱ theȱ sameȱ stereotaxicȱcoordinatesȱ
(217).ȱPerhaps,ȱmoreȱsignificantly,ȱwholeȬbodyȱ imagingȱprovidesȱanȱapproximationȱofȱ theȱ
proportionȱofȱ infusedȱcellsȱwhichȱhaveȱenteredȱtheȱbrainȱ inȱrelationȱtoȱotherȱbodyȱorgans.ȱ
Imagingȱwithȱ SPECTȱ isȱ alsoȱ trulyȱ translationalȱ asȱ theȱ sameȱ radioȱ tracersȱ canȱbeȱusedȱ inȱ
humanȱ studiesȱ (218,219).ȱ Theȱ articlesȱ thatȱ haveȱ exploitedȱ radiotracersȱ toȱ trackȱ theȱ
biodistributionȱofȱtransplantedȱcellsȱafterȱexperimentalȱstrokeȱinȱratsȱareȱinȱTableȱ3.ȱ
2.9.3ȱHistologyȱ
Histologicalȱ stainingȱ canȱ beȱ usefulȱ notȱ onlyȱ inȱ understandingȱ theȱmechanismsȱ ofȱ brainȱ
repairȱ butȱ alsoȱ itȱ canȱ helpȱ inȱ evaluatingȱ theȱ efficacyȱ ofȱ theȱ therapeuticȱ strategiesȱ beingȱ
evaluatedȱ inȱ preclinicalȱ strokeȱ models.ȱ Theȱ standardȱ tissueȱ histologyȱ stepsȱ consistȱ ofȱ
stainingȱofȱslices,ȱwhichȱareȱlaterȱviewedȱandȱanalysedȱunderȱtheȱmicroscope.ȱSomeȱofȱtheȱ
keyȱapplicationsȱ inȱstrokeȱresearchȱ includeȱmeasurementȱofȱ totalȱ infarctȱsizeȱbyȱmeansȱofȱ
TTCȱ staining,ȱ inȱadditionȱMAPȬ2ȱandȱNBTȱ stainingȱareȱusedȱ forȱ longȬtermȱ studiesȱ (220).ȱ
Furthermore,ȱTUNELȱstainingȱcanȱprovideȱinformationȱaboutȱtheȱextentȱofȱapoptosisȱ(221).ȱ
Histologyȱstudyȱcanȱalsoȱbeȱ importantȱ toȱclarifyȱ theȱmechanismsȱ involvedȱ inȱperilesionalȱ
plasticityȱ byȱ studyingȱ angiogenesisȱ (RECAȬ1),ȱ neurogenesisȱ (DCX),ȱ andȱ synaptogenesisȱ
(83).ȱFurthermore,ȱtheȱatypicalȱaccumulationȱofȱAEȱandȱcalciumȱinȱtheȱthalamusȱafterȱstrokeȱ
hasȱ beenȱ evaluatedȱ usingȱ histologyȱ toȱ provideȱ insightsȱ intoȱ theȱ secondaryȱ pathologyȱ
occurringȱwithinȱthalamusȱ(222,223).ȱȱȱȱ
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Table 3.ȱPreclinicalȱstudiesȱusingȱSPECTȱforȱstemȱcellȱtrackingȱafterȱstrokeȱinȱratsȱ
ȱ
Model Cell types Radiotracer Route Cell dose Infusion 
volume 
Imaging 
timepoint 
Reference 
tMCAO 
(120 min) 
Human 
UCBMNCs 
111In-oxine IV 1 x 106   
 
0.5 ml 0 and 24 h (19) 
tMCAO 
(120 min) 
Human 
ESNPCs or 
rat HPCs 
111In-oxine IV or 
IA 
1 x 106   
 
0.5 ml 0 and 24 h (126) 
tMCAO 
(90 min) 
Human 
BMMSCs 
99mTc-HMPAO IV 2-5 x 106   1 ml 2 and 20 h (124) 
tMCAO 
(120 min) 
Human 
UTCs 
111In-oxine IV 3 x 108 2 ml 0, 1, and 3 
days 
(224) 
Permanent 
bilateral 
common 
carotid 
ligation 
Rat 
BMMNCs 
99mTc IV 2 x 107 0.4 ml 1 h (225) 
tMCAO  
(120 min) 
Rat 
BMMSCs 
111In-oxine IV 5 x 105 0.5 ml 4, 20, 44, 
and 70 h 
(226) 
tMCAO  
(60 min) 
Rat BMDCs 99mTc-HMPAO IA 2 x 106 0.3 ml 5–20 min 
and 5-6 h 
(227) 
Permanent 
vertebral 
occlusion and  
transient 
carotid artery 
occlusion 
(17 min) 
Rat 
BMMNCs 
99mTc IA 3 x 107 0.3 ml 2 h (228) 
tMCAO  
(60 min) 
Rat 
BMMSCs 
131I-FIAU IC, 
ICV, 
IA, or 
IV 
2 x 106 15 ߤl (IC 
and ICV) or 
0.5 ml (IA 
or IV) 
2, 8, and 
24 h 
(229) 
BMDCs: bone marrow-derived dendritic cells; BMMNCs: bone marrow mononuclear cells; BMMSCs: bone 
marrow-derived mesenchymal stem cells; ESNPCs: embryonic stem cell derived neural progenitor cells; 
HPCs: hippocampal progenitor cells; IA: intra-arterial; IC: intracerebral; IV: intravenous; ICV: 
intraventricular; tMCAO: transient middle cerebral artery occlusion; UCBMNCs: umbilical cord blood 
mononuclear cells; UTCs: umbilical tissue-derived cells; 111In-oxine: indium-111-oxine; 131I-FIAU: iodine-
131-2’-fluoro-2’-deoxy-1-ߚ-D-arabinofuranosyl-5-iodouracil; 99mTc: technetium-99m; 99mTc-HMPAO: 
technetium-99m-hexamethylpropyleneamine oxime. 
2.10 RATIONALE 
Beforeȱenteringȱintoȱearlyȱphaseȱclinicalȱstudies,ȱtheȱefficacyȱofȱaȱnovelȱtreatmentȱneedsȱtoȱ
beȱconfirmedȱinȱexperimentalȱsettings.ȱTherefore,ȱfocusȱofȱtheȱpresentȱthesisȱwasȱtoȱgatherȱ
moreȱinformationȱaboutȱtheȱeffectsȱofȱcellȱtherapyȱinȱaȱratȱmodelȱofȱexperimentalȱstrokeȱbyȱ
investigatingȱnovelȱ IAȱcellȱdeliveryȱandȱbiodistributionȱstudiesȱusingȱSPECTȱ followedȱbyȱ
anȱevaluationȱofȱtheȱbehavioralȱoutcome.ȱ
IAȱ deliveryȱ inȱ comparisonȱwithȱ IVȱmayȱ representȱ aȱmuchȱ betterȱ optionȱ toȱ
targetȱtheȱcellsȱtoȱtheȱinjuredȱbrain.ȱAȱdirectȱIAȱinfusionȱtechniqueȱwasȱutilizedȱwhichȱtakesȱ
advantageȱ ofȱ theȱECAȱ stumpȱ (Figureȱ 3),ȱwhichȱ isȱpreparedȱ forȱ filamentȱ insertionȱ inȱ theȱ
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MCAOȱmodel.ȱFurthermore,ȱtheȱIAȱrouteȱbypassesȱtheȱfilteringȱorgansȱandȱdirectsȱcellsȱintoȱ
theȱcloseȱproximityȱofȱtheȱischemicȱtissue.ȱ
BoneȱmarrowȬderivedȱ cellsȱwereȱusedȱ andȱ thusȱ thereȱwereȱnotȱmajorȱ ethicalȱ
issues.ȱ Moreover,ȱ theseȱ cellsȱ areȱ readilyȱ availableȱ forȱ autologousȱ transplants.ȱ Anotherȱ
importantȱadvantageȱofȱBMMSCsȱ isȱ theȱavailabilityȱofȱ largeȱamountsȱofȱ safetyȱdataȱ fromȱ
clinicalȱstudiesȱperformedȱinȱmalignantȱandȱnonȬmalignantȱdiseases.ȱItȱisȱalsoȱdemonstratedȱ
inȱ animalȱ experimentsȱ thatȱ boneȱ marrowȬderivedȱ cellȱ typesȱ areȱ capableȱ ofȱ promotingȱ
recoveryȱinȱmodelsȱofȱacuteȱasȱwellȱasȱchronicȱstroke,ȱbutȱitȱisȱnotȱknownȱexactlyȱwhichȱcellsȱ
areȱresponsibleȱforȱthisȱeffectȱbecauseȱimprovedȱoutcomesȱhaveȱbeenȱstudiedȱwithȱaȱvarietyȱ
ofȱcellȱtypes.ȱȱȱ
ȱ Theȱpathologyȱ inȱ theȱ thalamusȱ isȱstudiedȱ inȱorderȱ toȱ investigateȱwhetherȱcellȱ
therapyȱcouldȱpreventȱtheȱsecondaryȱpathologicalȱchangesȱoccurringȱinȱtheȱbrainȱandȱthusȱ
improveȱ behavioralȱ outcome.ȱAsȱ farȱ asȱ isȱ known,ȱ thisȱ isȱ firstȱ studyȱ toȱ haveȱ examinedȱ
calciumȱ andȱAEȱ accumulationȱ inȱ theȱ thalamusȱwhenȱ cellȱ therapyȱwasȱ beingȱ usedȱ asȱ aȱ
therapeuticȱoption.ȱȱȱ
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3ȱAimsȱofȱtheȱstudyȱȱ
Theȱ aimȱofȱ theȱ studyȱwasȱ toȱ evaluateȱ theȱbehavioralȱ andȱhistologicalȱoutcomesȱofȱ intraȬ
arteriallyȱdeliveredȱboneȱmarrowȱderivedȱmesenchymalȱstemȱcellsȱ inȱratsȱwhichȱhadȱbeenȱ
subjectedȱtoȱcerebralȱischemia.ȱȱ
ȱ
Theȱspecificȱaimsȱwere:ȱ
ȱ
1. Toȱ studyȱ homingȱ ofȱ theȱ humanȱ BMMSCsȱ intoȱ ischemicȱ brainȱ afterȱ intraȬarterialȱ
delivery.ȱȱ
ȱ
2. Toȱ studyȱ theȱ therapeuticȱ efficacyȱ ofȱ intraȬarterialȱ deliveryȱ ofȱ BMMSCsȱ inȱ ratsȱ
subjectedȱ toȱ experimentalȱ strokeȱ byȱ usingȱ sensitiveȱ andȱ predictiveȱ sensorimotorȱ
outcomeȱmeasuresȱandȱtoȱelucidateȱtheȱpossibleȱbrainȱrepairȱmechanismsȱinvolvedȱinȱ
thisȱprocess.ȱȱ
ȱ
3. Toȱ evaluateȱ whetherȱ xenotransplantationȱ ofȱ BMMSCsȱ couldȱ contributeȱ toȱ theȱ
behavioralȱoutcome.ȱȱ
ȱ
4. Toȱ studyȱwhetherȱ cellȱ therapyȱ couldȱmodifyȱ theȱ secondaryȱ thalamicȱpathologyȱ inȱ
MCAOȱratsȱwhichȱpossiblyȱcontributeȱtoȱtreatmentȱeffects.ȱ
ȱ
ȱȱ
ȱ
ȱ
ȱ
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4ȱMaterialsȱandȱmethodsȱȱ
4.1 ANIMALS (I-IV) 
Aȱtotalȱofȱ94ȱmaleȱWistarȱratsȱweighingȱ251Ȭ426ȱgȱwereȱpurchasedȱfromȱLaboratoryȱAnimalȱ
Centre,ȱKuopio,ȱFinlandȱ(I;ȱn=19),ȱHarlan,ȱIsraelȱ(II,ȱIV;ȱn=60)ȱandȱHarlan,ȱTheȱNetherlandsȱ
(III;ȱn=15).ȱTheȱratsȱwereȱquarantinedȱforȱ1ȱweekȱbeforeȱtheȱexperiment.ȱTheȱanimalsȱwereȱ
housedȱ individuallyȱandȱmaintainedȱ inȱaȱ temperatureȱcontrolledȱenvironmentȱ (21ȱ±ȱ1ȱ 0C,ȱ
humidityȱ50–60%,ȱlightȱperiodȱ07:00–19:00ȱh)ȱwithȱaccessȱtoȱfoodȱandȱfreshȱwaterȱavailableȱ
adȱ libitumȱ throughoutȱ theȱ experiment.ȱ Researchȱ andȱ animalȱ careȱ proceduresȱ wereȱ
performedȱ accordingȱ toȱEuropeanȱCommunityȱCouncilȱDirectivesȱ 86/609/EECȱ guidelinesȱ
andȱallȱproceduresȱwereȱapprovedȱbyȱtheȱHämeenlinna,ȱFinlandȱAnimalȱEthicsȱCommittee.ȱȱ
4.2 TRANSIENT MIDDLE CEREBRAL ARTERY OCCLUSION (I-IV) 
Occlusionȱ ofȱmiddleȱ cerebralȱ arteryȱ (MCA)ȱwasȱperformedȱ byȱ theȱ intraluminalȱ filamentȱ
techniqueȱasȱdescribedȱpreviouslyȱ(Longaȱetȱal.,ȱ1989).ȱInductionȱofȱanesthesiaȱwasȱachievedȱ
withȱ5%ȱhalothaneȱ (NicholasȱPiramalȱLtd.)ȱwithȱratsȱbeingȱ2Ȭ3ȱminȱ inȱaȱchamberȱ (30%ȱO2ȱ
andȱ70%ȱN2O)ȱwithȱ theȱanaestheticȱandȱ thenȱ theyȱwereȱmaintainedȱwithȱ0.5Ȭ1.5%ȱusingȱaȱ
noseȱmaskȱthroughoutȱtheȱsurgery.ȱWithȱtheȱhelpȱofȱheatingȱpadȱconnectedȱtoȱaȱrectalȱprobeȱ
(HarvardȱHomeothermicȱ BlanketȱControlȱUnit)ȱ theȱ bodyȱ temperaturesȱ ofȱ theȱ ratsȱwereȱ
maintainedȱatȱ37ȱ0C.ȱAfterȱaȱmidlineȱneckȱincision,ȱtheȱrightȱcommonȱcarotidȱarteryȱ(CCA),ȱ
theȱ externalȱ carotidȱ arteryȱ (ECA)ȱ andȱ theȱ internalȱ carotidȱ arteryȱ (ICA)ȱ wereȱ exposed.ȱ
Subsequently,ȱ aȱ heparinizedȱ nylonȱ filamentȱ (׎ȱ 0.28ȱmmȱ diameter)ȱwasȱ insertedȱ viaȱ theȱ
stumpȱofȱ theȱECAȱandȱadvancedȱ intoȱ theȱ ICAȱuntilȱ resistanceȱwasȱ feltȱ (1.8–2.1ȱ cm);ȱ thisȱ
procedureȱ occludedȱ theȱMCA.ȱAfterȱ occlusionȱ ofȱMCAȱ (I:ȱ 90ȱmin,ȱ IIȱ Ȭȱ IV:ȱ 60ȱmin),ȱ theȱ
filamentȱwasȱgentlyȱremovedȱandȱECAȱwasȱcarefullyȱclosedȱbyȱelectrocoagulationȱleavingȱaȱ
longȱ ECAȱ stumpȱwhichȱ permittedȱ subsequentȱ IAȱ infusionȱ ofȱ cells.ȱ ShamȬoperatedȱ ratsȱ
underwentȱtheȱsameȱprocedureȱbutȱwithoutȱfilamentȱ insertionȱ intoȱtheȱICA.ȱBuprenorfineȱ
(0.03ȱmg/kg,ȱ RBȱ Pharmaceuticalsȱ Ltd.)ȱwasȱ administeredȱ toȱ relieveȱ postoperativeȱ pain.ȱ
Before,ȱduringȱandȱafterȱ theȱMCAOȱoperation,ȱbloodȱgasesȱwereȱmonitoredȱ inȱaȱseparateȱ
cohortȱofȱanimalsȱ toȱensureȱ thatȱ theȱvaluesȱwereȱwithinȱ theȱnormalȱrange.ȱTheȱsuccessȱofȱ
MCAOȱ operationȱ wasȱ assessedȱ inȱ theȱ limbȬplacingȱ testȱ beforeȱ treatmentȱ (230).ȱ Thoseȱ
MCAOȱratsȱwithȱonlyȱaȱminorȱbehavioralȱimpairmentȱwereȱexcludedȱ(studyȱIȬIV).ȱInȱstudyȱ
IIȱandȱ IV,ȱMRIȱwasȱalsoȱoneȱofȱ theȱexclusionȱcriteria.ȱExclusionȱcriteriaȱwereȱdeterminedȱ
priorȱ toȱ theȱ experimentȱ andȱ dependingȱ uponȱ theȱ observedȱ results,ȱ animalsȱ wereȱ
sequentiallyȱassignedȱtoȱdifferentȱexperimentalȱgroupsȱsoȱthatȱtheȱbehavioralȱimpairementȱ
wasȱequalȱinȱallȱgroups.ȱȱ
4.3 STUDY DESIGNS (I-IV)  
Figureȱ 3ȱprovidesȱ anȱ overallȱ representationȱ ofȱ theȱ studyȱdesigns.ȱCellsȱwereȱ infusedȱ onȱ
postȬoperativeȱdayȱ1ȱinȱstudyȱIȱandȱstudyȱIII.ȱInȱstudiesȱIIȱandȱIV,ȱtheȱcellsȱwereȱinfusedȱonȱ
postȬoperativeȱ dayȱ 2ȱ orȱ dayȱ 7.ȱ Inclusionȱ criteria,ȱ imagingȱ andȱ behavioralȱ testsȱwillȱ beȱ
describedȱinȱdetailȱinȱfollowingȱsections.ȱ
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TwentyȬfourȱhoursȱ followingȱMCAOȱ surgery,ȱ theȱmodifiedȱ limbȬplacingȱ testȱ
wasȱusedȱtoȱevaluateȱtheȱsuccessȱofȱtheȱMCAOȱoperation.ȱInȱthisȱtest,ȱratȱwasȱheldȱwithȱitsȱ
headȱpointingȱ towardsȱ theȱ table,ȱandȱbothȱ forelimbsȱonȱ theȱedgeȱofȱ table.ȱGraduallyȱ theȱ
impairedȱandȱnonȬimpairedȱforelimbȱwasȱpulledȱdownȱandȱtheȱsubsequentȱlimbȱplacementȱ
andȱretrievalȱwasȱchecked.ȱNext,ȱthisȱbehavioralȱtestȱwasȱrepeatedȱbyȱholdingȱtheȱheadȱofȱ
ratȱ atȱ aȱ 45ȱ degreeȱ angleȱ (upward)ȱ soȱ thatȱ ratȱ couldȱ notȱ seeȱ theȱ tableȱ orȱmakeȱ vibrissalȱ
contactȱwithȱ it.ȱTheȱ lateralȱplacingȱofȱtheȱratȱforelimbsȱwasȱachievedȱbyȱpullingȱdownȱtheȱ
forelimbȱofȱratȱwhenȱ itȱwasȱplacedȱalongȱ theȱedgeȱofȱ theȱ table.ȱLast,ȱ forelimbȱ flexionȱwasȱ
assessedȱbyȱliftingȱtheȱratȱinȱairȱbyȱholdingȱtheȱbaseȱofȱitsȱtail.ȱTheȱforelimbȱtestȱwasȱscoredȱ
asȱ follows:ȱ normalȱ performanceȱ =ȱ 2ȱ points,ȱ delayed/incompleteȱ responseȱ =ȱ 1ȱ point,ȱ noȱ
responseȱ=ȱ0ȱpoint.ȱȱ
MRIȱ (Brukerȱ 7T)ȱwasȱ performedȱ afterȱ theȱ limbȬplacingȱ testȱ (II,ȱ IV).ȱTheȱ ratsȱ
wereȱ anesthetizedȱ inȱ gasȱ chamberȱ withȱ 5%ȱ isoflurane.ȱ Subsequentlyȱ anesthesiaȱ wasȱ
maintainedȱwithȱ2.5%ȱisofluraneȱthroughoutȱtheȱimagingȱsession.ȱMRIȱimagesȱ(T2ȱweightedȱ
multiȬslice)ȱwereȱcapturedȱusingȱaȱRAREȱsequenceȱwithȱtheȱfollowingȱparameters:ȱeffectiveȱ
timeȬtoȬechoeffȱTEȱ=ȱ40ȱms,ȱtimeȬtoȬrepetitionȱTRȱ=ȱ2.5ȱs,ȱRAREȱfactorȱ8,ȱfieldȬofȬviewȱofȱ30ȱ
mmȱ×ȱ30ȱmm,ȱmatrixȱsizeȱofȱ256ȱ×ȱ256ȱandȱfifteenȱslicesȱwithȱaȱsliceȱthicknessȱofȱ1ȱmm.ȱTotalȱ
infarctȱvolumesȱ fromȱ theseȱ imagesȱwereȱanalysedȱwithȱ theȱ ImageJȱprogram.ȱMCAOȱ ratsȱ
withȱ incompleteȱMCAOȱbasedȱonȱMRIȱorȱnoȱ limbȬplacingȱ impairmentȱ (scoreȱ >ȱ 10)ȱwereȱ
excludedȱfromȱtheȱstudy.ȱTheȱexclusionȱcriteriaȱwereȱdecidedȱpriorȱtoȱtheȱexperiment.ȱȱ
4.4 PREPARATION AND CHARACTERIZATION OF BMMSCs (I-IV) 
4.4.1ȱPreparationȱandȱcharacterizationȱofȱhumanȱBMMSCsȱȱ
MSCsȱwereȱobtainedȱ fromȱ theȱboneȱmarrowȱ (BM)ȱofȱhealthyȱvolunteersȱ (ageȱ18–33ȱyears)ȱ
whoȱhadȱprovidedȱsignedȱconsentȱaccordingȱ toȱ theȱDeclarationȱofȱHelsinki.ȱTheȱprotocolȱ
wasȱ authorizedȱ byȱ theȱ Ethicsȱ Committeeȱ ofȱ theȱ Universityȱ Centralȱ Hospital,ȱ Helsinki,ȱ
Finland.ȱWhileȱunderȱlocalȱanesthesia,ȱ20ȱmlȱBMȱwasȱaspiratedȱfromȱtheȱposteriorȱiliacȱcrestȱ
byȱaȱqualifiedȱphysicianȱandȱ itȱwasȱcollectedȱ inȱheparinizedȱ tubes.ȱTheȱmononuclearȱcellsȱ
wereȱ isolatedȱ byȱ usingȱ FicollȬpaqueȱ premiumȱ densityȱ gradientȱ centrifugationȱ (GEȱ
Healthcare,ȱUppsala,ȱ Sweden).ȱThen,ȱ theȱ isolatedȱ cellsȱwereȱ platedȱ (4×105ȱ cells/cm2)ȱ andȱ
thenȱculturedȱ inȱheparinizedȱ lowȱglucoseȱDMEMȱmediumȱ (Gibco,ȱLifeȱTechnologiesȱLtd.)ȱ
accordingȱ toȱSchallmoserȱetȱal.ȱ (231).ȱAfterȱ3ȱdays,ȱ theȱ culturesȱwereȱwashedȱ thoroughlyȱ
withȱPBSȱtoȱremoveȱanyȱnonȬadherentȱcells.ȱTheȱmediumȱwasȱchangedȱtwiceȱduringȱaȱweekȱ
andȱ thenȱ theȱ culturesȱ wereȱ passagedȱ whenȱ subconfluentȱ (confluencyȱ Ȭȱ 70Ȭ80%)ȱ andȱ
subculturedȱ (1×103ȱcells/cm2).ȱ Inȱ thisȱstudy,ȱ theȱcellsȱusedȱwereȱ fromȱpassageȱ2,ȱandȱwereȱ
detachedȱwithȱ trypsinȱ (TryPLeȱExpress,ȱLifeȱTechnologiesȱLtd.).ȱTheȱ trypanȱblueȱmethodȱ
wasȱ usedȱ toȱ determineȱ cellȱ viability.ȱ Later,ȱ theȱ cellsȱwereȱ cryopreservedȱ inȱ 180ȱmg/mlȱ
humanȱ serumȱ albuminȱ (Octapharmaȱ AG,ȱ Lachen,ȱ Switzerland)ȱ andȱ dimethylsulfoxideȱ
(10%)ȱ(SigmaȬAldrichȱLtd.)ȱȱ
Withȱ theȱ helpȱ ofȱ adipogenicȱ andȱ osteogenicȱ differentiationȱ assaysȱ andȱ
karyotypeȱallȱBMMSCȱlinesȱwereȱstudiedȱinȱpassageȱ2ȱforȱtheirȱmultipotencyȱcapacityȱ(82).ȱ
Furthermore,ȱ fibroblastȱ colonyȬformingȱ unitȱ (CFUȬF)ȱ assayȱ wasȱ usedȱ toȱ determineȱ theȱ
originalȱ stromalȱ contentȱ (232).ȱ Afterȱ detachmentȱ ofȱ BMMSCsȱ withȱ trypsin,ȱ cellsȱ wereȱ
analyzedȱ forȱ cellȱ surfaceȱ epitopeȱ expressionȱ usingȱ flowȱ cytometry.ȱ Asȱ describedȱ byȱ
Dominiciȱetȱal.ȱ(82),ȱaȱpanelȱofȱmarkers,ȱbothȱnegativeȱandȱpositiveȱcellȱsurfaceȱepitopesȱforȱ
MSCs,ȱwasȱ selectedȱ inȱ eachȱ analysis.ȱ Inȱ addition,ȱ theȱ expressionȱ ofȱ fibronectinȱ (Abcam),ȱ
CD166,ȱ CD146,ȱ CD49e,ȱ CD49d,ȱ andȱ CD44ȱ (allȱ fromȱ BDȱ Biosciences)ȱ wasȱ studied.ȱ Forȱ
fibronectin,ȱsecondaryȱantibodyȱstainingȱwasȱdoneȱwithȱeitherȱAlexaȱ488ȬconjugatedȱgoatȬ
antiȱrabbitȱIgGȱ(Invitrogen)ȱorȱFITCȬconjugatedȱgoatȱantiȬmouseȱIgGȱ(Abcam).ȱTheȱlabeledȱ
cellsȱ wereȱ examinedȱ inȱ aȱ flowȱ cytometerȱ (FACSAria,ȱ BD)ȱ andȱ laterȱ theȱ resultsȱ wereȱ
evaluatedȱusingȱFACSDivaȱsoftware.ȱȱȱȱȱ
ȱ
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4.4.2ȱPreparationȱandȱcharacterizationȱofȱratȱBMMSCsȱȱ
Accordingȱ toȱ informationȱ providedȱ byȱ theȱ manufacturer,ȱ maleȱ Wistarȱ ratȱ BMMSCsȱ
designatedȱ asȱ OricellTMȱ (Cyagenȱ Biosciencesȱ Inc.,ȱ Sunnyvale,ȱ USA)ȱ wereȱ culturedȱ inȱ
OriCellȱ MSCȱ Growthȱ Mediumȱ supplementedȱ withȱ fetalȱ bovineȱ serumȱ (FBS)ȱ (10%),ȱ
glutamineȱ(1%)ȱandȱpenicillinȬstreptomycinȱ(1%).ȱTheȱmediumȱwasȱchangedȱtwiceȱduringȱaȱ
weekȱandȱthenȱculturesȱwereȱpassagedȱwhenȱsubconfluentȱ(confluencyȱȬȱ80Ȭ90%)ȱandȱlaterȱ
subculturedȱ(1x104ȱcells/cm²).ȱPassageȱ5ȱratȱBMMSCsȱwereȱcryopreservedȱinȱtheȱOriCellTMȱ
NCRȱCryopreservationȱMediumȱatȱaȱcellȱdensityȱofȱ4x106/ml.ȱȱȱȱȱȱ
Accordingȱ toȱ instructionsȱ providedȱ byȱ theȱ manufacturer,ȱ ratȱ MSCsȱ wereȱ
labeledȱwithȱantibodiesȱagainstȱ fiveȱmarkersȱnamelyȱCD11b,ȱandȱCD45ȱ (BDȱBiosciences),ȱ
CD44,ȱCD90ȱ andȱCD29ȱ (Serotec).ȱ Inȱ addition,ȱCD73ȱ expressionȱwasȱ evaluated.ȱ Forȱ antiȱ
CD73,ȱ theȱ secondaryȱ antibodyȱ stainingȱwasȱ conductedȱusingȱgoatȱ antiȬmouseȱ IgGȱAlexaȱ
fluorȱ488ȱ(Molecularȱprobes,ȱLifeȱTechnologiesȱCorp.).ȱTheȱlabelledȱcellsȱwereȱexaminedȱinȱaȱ
flowȱcytometerȱ(FACSAria,ȱBD).ȱȱȱȱ
4.5 CELL LABELING (I AND III) 
4.5.1ȱLabelingȱofȱcellsȱwithȱ111InȬoxineȱ(I)ȱ
Cryopreservedȱ cellsȱwereȱ thawedȱ atȱ 37ȱ °Cȱ inȱwaterȱ bathȱ (102)ȱ andȱ transferredȱ intoȱ theȱ
thawingȱmediumȱ comprisingȱ ΅ȬMEMȱ (Gibco)ȱandȱ10%ȱHSA.ȱTheȱmediumȱwasȱ removedȱ
afterȱcentrifugationȱandȱtheȱcellȱpelletȱwasȱresuspendedȱintoȱtheȱlabelingȱbufferȱ(0.2ȱMȱTris,ȱ
pHȱ 8.0),ȱ 111InȬoxineȱ (19.4–32.1ȱMBq,ȱ Nycomedȱ Amersham)ȱ wasȱ added.ȱ Afterȱ aȱ 30ȱminȱ
incubationȱ periodȱ (37ȱ °C),ȱ freeȱ tracerȱ wasȱ removedȱ byȱ centrifugationȱ andȱ cellsȱ wereȱ
resuspenedȱinȱPBS.ȱTheȱlabelingȱefficiencyȱwasȱ72%ȱandȱitȱwasȱcalculatedȱfromȱtheȱamountȱ
ofȱ111Inȱwhichȱwasȱinternalizedȱbyȱtheȱcells.ȱTrypanȱblueȱstainingȱwasȱusedȱtoȱcheckȱtheȱcellȱ
viability.ȱȱ
4.5.2ȱLabelingȱofȱcellsȱwithȱ99mTcȬHMPAOȱ(III)ȱ
Theȱcryopreservedȱcellsȱwereȱthawedȱinȱaȱwaterȱbathȱ(37ȱ°C)ȱandȱdecantedȱintoȱtheȱthawingȱ
mediumȱ(΅ȬMEMȱandȱ10%ȱHSA).ȱAfterȱcentrifugation,ȱtheȱmediumȱwasȱremovedȱandȱcellȱ
suspensionȱwasȱprepared.ȱȱTheȱ1ȱmlȱofȱfreshlyȱpreparedȱ99mTcȬHMPAOȱcomplexȱwasȱaddedȱ
toȱ1ȱmlȱofȱcellȱsuspensionȱ(approximatelyȱ10x106ȱcells).ȱToȱformulateȱtheȱcomplexȱofȱ99mTcȬ
HMPAO,ȱ 99mTcȬpertechnetateȱ (2.5ȱGBqȱ inȱ3ȱmlȱofȱ0.9%ȱNaCl,ȱMAPȱMedicalȱTechnologies,ȱ
Tikkakoski,ȱ Finland)ȱ plusȱ Ceretec™ȱ HMPAOȱ kitȱ (GEȱ Healthcare)ȱ wasȱ used.ȱ Inȱ theȱ
preparationȱofȱ complex,ȱ freshlyȱ elutedȱ 2.5ȱmlȱ 99mTcȬpertechnetateȱ inȱ salineȱwasȱ addedȱ toȱ
Ceretec™ȱ HMPAOȱ vialȱ andȱ mixedȱ thoroughly.ȱ Theȱ cellsȱ wereȱ incubatedȱ withȱ 99mTcȬ
HMPAOȱ complexȱ forȱ 15ȱ minȱ atȱ roomȱ temperature.ȱ Next,ȱ theȱ cellȱ suspensionȱ wasȱ
centrifugedȱ(500ȱxȱg,ȱ5ȱmin)ȱandȱsupernantantȱcontainingȱfreeȱlabelȱwasȱremoved.ȱObtainedȱ
cellȱ pelletȱwasȱwashedȱwithȱ PBSȱ andȱ againȱ centrifugedȱ inȱ aȱ similarȱway.ȱ Finallyȱ 99mTcȬ
labeledȱcellsȱradioactivityȱwasȱcalculatedȱwithȱaȱdoseȱcalibratorȱ(CRCȬ25R,ȱCapintecȱInc.).ȱ
4.6 CELL INFUSION (I-IV) 
Theȱ cellsȱwereȱ infusedȱbyȱ reȬexposingȱ theȱECAȱ stumpȱ inȱanesthetizedȱ ratsȱ (Figureȱ4).ȱ Inȱ
studyȱ I,ȱ theȱ 111InȬoxineȱ labeledȱ trypsinȬdetachedȱBMMSCsȱ (1ȱ ×ȱ 106ȱ cells)ȱ inȱ 500ȱ ΐlȱ salineȱ
wereȱ slowlyȱ infusedȱ24ȱhȱafterȱMCAOȱviaȱ theȱECAȱ stumpȱwhileȱbloodȱ flowȱ inȱ ICAȱwasȱ
maintained.ȱ Inȱstudiesȱ IIȱandȱ IV,ȱratsȱreceivedȱunlabeledȱBMMSCsȱ (1ȱ×ȱ106ȱcellsȱ inȱ500ȱPlȱ
saline)ȱatȱeitherȱ48ȱhȱorȱ7ȱdaysȱafterȱtheȱMCAO.ȱInȱstudyȱIII,ȱanesthetizedȱratsȱwereȱinfusedȱ
withȱ99mTcȬHMPAOȬlabeledȱratȱorȱhumanȱBMMSCsȱ(2x106ȱcells/animal)ȱinȱ500ȱΐlȱsalineȱinȱaȱ
similarȱmannerȱasȱdescribedȱforȱstudyȱI.ȱControlȱratsȱwereȱinfusedȱwithȱPBS.ȱAfterȱinfusionȱ
ofȱ theȱ cellsȱ theȱ ECAȱ stumpȱ wasȱ carefullyȱ closedȱ byȱ electrocoagulationȱ andȱ ratsȱ wereȱ
preparedȱforȱSPECTȱimagingȱ(I,ȱIII).ȱ
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Figure 4.ȱSchematic diagram of cell infusion. Human BMMSCs (shown in orange) were infused 
through ECA stump. CCA: common carotid artery; ECA: external carotid artery; ICA: internal 
carotid artery; MCA: middle cerebral artery.ȱ
4.7 SPECT IMAGING (I and III) 
TheȱwholeȬbodyȱSPECTȱimagingȱinȱstudyȱIȱwasȱperformedȱusingȱaȱsmallȱanimalȱSPECT/CTȱ
(GammaMedicaȱ Inc.)ȱ (126).ȱ SPECTȱ imagingȱwasȱ performedȱ 30ȱminȱ andȱ 24ȱ hȱ afterȱ cellȱ
infusionȱwhereȱ aȱ staticȱ 2Dȱ SPECTȱ imageȱwasȱ collectedȱ fromȱ theȱheadȱ andȱ theȱ abdomenȱ
area,ȱ acquisitionȱ timeȱwasȱ 120ȱ s.ȱFromȱ theȱ sameȱ coordinatesȱ (256ȱprojections,ȱ 60ȱkV)ȱCTȱ
imagesȱwereȱacquired.ȱTheȱSPECTȱimagingȱsensitivityȱwasȱaroundȱ1000ȱcells.ȱOnceȱtheȱlastȱ
scanningȱ (24ȱh)ȱwasȱ complete,ȱanimalsȱwereȱ sacrificedȱ toȱ collectȱ theȱ samplesȱ fromȱbrain,ȱ
kidneys,ȱliver,ȱlungs,ȱandȱspleenȱforȱradioactivityȱmeasurementsȱ(WallacȱGammacounter).ȱȱ
InȱstudyȱIII,ȱaȱfourȬheadedȱsmallȱanimalȱscanner,ȱNanoSPECT/CTȱ(BioscanȱInc.,ȱ
USA),ȱ fittedȱwithȱmultipinholeȱcollimatorsȱwasȱusedȱandȱ theȱ imagesȱwereȱcapturedȱatȱ20ȱ
min,ȱ 3ȱ hȱ andȱ 6ȱ hȱ postȬinjection.ȱ Theȱ imagesȱ wereȱ capturedȱ inȱ 20ȱ projectionsȱ usingȱ aȱ
time/projectionȱofȱ35ȱ s,ȱhenceȱ thereȱwasȱaȱ totalȱacquisitionȱ timeȱofȱ23ȱmin.ȱMoreover,ȱCTȱ
imagesȱ wereȱ acquiredȱ withȱ aȱ 45ȱ kVpȱ tubeȱ voltageȱ withȱ 180ȱ projections.ȱ Byȱ meansȱ ofȱ
HiSPECTȱNGȱ softwareȱ (ScivisȱGmbH)ȱSPECTȱ imagesȱwereȱ reconstructedȱandȱ fusedȱwithȱ
CTȱ datasetsȱwithȱ theȱ helpȱ ofȱ InVivoScopeȱ softwareȱ (Bioscanȱ Inc.,ȱ USA).ȱ Afterȱ theȱ lastȱ
scanningȱ (6ȱ h),ȱ theȱ ratsȱ wereȱ sacrificedȱ andȱ organsȱ (listedȱ above)ȱ wereȱ collected.ȱ Theȱ
radioactivityȱmeasurementȱ inȱ studyȱ IIIȱwasȱ performedȱwithȱ aȱ gammaȱ counterȱ (RiaCalcȱ
WIZ,ȱWallacȱ 1480ȱWIZARD®ȱ 3).ȱ Radioactivityȱ dataȱwereȱ calculatedȱ asȱ%ȱ injectedȱ doseȱ
(%ID)/gȱ(tissueȱweight).ȱ
4.8 BEHAVIORAL TESTS (II) 
Baselineȱ behavioralȱ testingȱ (e.g.,ȱ cylinder,ȱMontoya’sȱ staircaseȱ andȱ stickyȱ labelȱ test)ȱwasȱ
performedȱoneȱdayȱbeforeȱMCAO.ȱThenȱtheȱextentȱofȱtheȱimpairmentȱandȱtheȱrecoveryȱwasȱ
repeatedȱonȱpostoperativeȱdaysȱ6,ȱ21ȱandȱ42ȱinȱaȱblindȱmanner.ȱTheseȱbehavioralȱtestsȱareȱ
sensitiveȱatȱdetectingȱtreatmentȱeffects,ȱbutȱtheyȱareȱminimallyȱaffectedȱbyȱrepeatedȱtesting.ȱȱȱ
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4.8.1ȱCylinderȱtestȱ
Spontaneousȱ forelimbȱ useȱ andȱ anyȱ imbalanceȱ betweenȱ impairedȱ andȱ nonȬimpairedȱ
forelimbȱuseȱwereȱtestedȱinȱtheȱcylinderȱtestȱ(233).ȱInȱthisȱtest,ȱtheȱratȱwasȱplacedȱinȱaȱplasticȱ
transparentȱcylinderȱofȱ20ȱcmȱdiameterȱ(Figureȱ5ȱA)ȱandȱvideoȱrecordedȱforȱ5ȱminȱduringȱ
theȱlightȱpartȱofȱtheȱlightȱandȱdarkȱcycleȱatȱgivenȱtestingȱtimeȱpoints.ȱTheȱrecordingsȱwereȱ
capturedȱ fromȱaȱmirrorȱwhichȱwasȱplacedȱunderȱ theȱcylinder.ȱTheȱexploratoryȱactivityȱofȱ
theȱ ratȱwhichȱwasȱ videoȱ recordedȱwasȱ laterȱ analysedȱ (1ȱ toȱ 3ȱmin)ȱusingȱ aȱ slowȱmotionȱ
capabilitiesȱprogram.ȱTheȱnumberȱofȱcontactsȱ(minimumȱ30ȱcontacts)ȱwithȱtheȱcylinderȱbyȱ
nonȬimpairedȱorȱ impairedȱorȱbothȱ forelimbsȱofȱ ratȱwereȱ calculated.ȱTheȱ imbalanceȱ inȱ ratȱ
forelimbȱuseȱwasȱdeterminedȱfromȱtheȱfollowingȱformula:ȱȱȱȱ
>(Contactȱofȱimpairedȱforelimbȱ+ȱ0.5ȱ×ȱbothȱforelimbȱcontacts)/totalȱcontacts@ȱ×ȱ100%.ȱ
4.8.2ȱMontoyaȇsȱstaircaseȱtestȱȱ ȱ
TheȱMontoya’sȱstaircaseȱtestȱwasȱusedȱtoȱassessȱindependentȱskilledȱforelimbȱuseȱ(195,234).ȱ
Theȱ ratsȱwereȱ trainedȱ (3ȱweeks)ȱ andȱduringȱ theȱ trainingȱperiodȱ ratsȱwereȱpartiallyȱ foodȱ
deprivedȱ (15ȱg/day)ȱ toȱmotivateȱ them.ȱFoodȱdeprivedȱ ratsȱmaintainedȱ theirȱnormalȱbodyȱ
weightȱatȱaboutȱ85%ȱofȱnormal.ȱDuringȱtheȱtraining/test,ȱtheȱratȱwasȱplacedȱinȱaȱtransparentȱ
boxȱwhichȱhasȱaȱstaircaseȱonȱbothȱbothȱsidesȱ(Figureȱ5ȱB).ȱTheȱboxȱwasȱ285ȱmmȱlong,ȱ90ȱmmȱ
highȱandȱ60ȱmmȱwide.ȱEachȱstaircaseȱwellȱwasȱfilledȱwithȱ3ȱrodentȱprecisionȱpelletsȱ(45ȱmg)ȱ
obtainedȱ fromȱBioserv.ȱAfterȱ10ȱmin,ȱ theȱ totalȱnumbersȱofȱdroppedȱandȱeatenȱpelletȱwereȱ
counted.ȱ Thoseȱ ratsȱ whichȱ wereȱ notȱ ableȱ toȱ eatȱ atȱ leastȱ 10ȱ pelletsȱ afterȱ trainingȱ wereȱ
excludedȱfromȱtheȱstudy.ȱAfterȱtheȱMCAOȱoperation,ȱtheȱfoodȱwasȱtakenȱawayȱfromȱtheȱratȱ
onȱtheȱeveningȱbeforeȱtheȱstaircaseȱtest.ȱȱ
ȱ
Figure 5. Behavioral tests. Representative images are captured during performance of task in 
cylinder test (A), Montoya’s staircase test (B) and sticky label test (C).  
4.8.3ȱStickyȱlabelȱtestȱ
Sensoryȱfunctionȱandȱmotorȱlearningȱinȱtheȱratsȱwereȱassessedȱinȱtheȱstickyȱlabelȱtestȱ(Figureȱ
5ȱC)ȱasȱdescribedȱpreviouslyȱ (204).ȱRatsȱwereȱ familiarizedȱwithȱhandlingȱandȱ theȱ testingȱ
cageȱbeforeȱtheȱprocedure.ȱTheȱtestȱwasȱperformedȱbyȱplacingȱaȱwhiteȱcoloredȱcircularȱlabelȱ
(ToughȬSpots,ȱDiversifiedȱBiotech)ȱofȱ9ȱmmȱdiameterȱonȱ theȱdorsalȱ sideȱofȱ theȱ forepaws.ȱ
Afterȱtheȱplacementȱofȱtheȱlabel,ȱtheȱratȱwasȱtransferedȱintoȱtheȱtestȱcage.ȱTheȱtimeȱtakenȱbyȱ
ratȱtoȱmakeȱtheȱfirstȱcontactȱtoȱtheȱappliedȱlabelȱasȱwellȱasȱtimeȱrequiredȱtoȱremoveȱtheȱlabelȱ
wereȱmeasuredȱ(maximumȱtimeȱofȱ120ȱsȱwasȱgiven).ȱȱ
4.9 HISTOLOGY (I-IV) 
4.9.1ȱPerfusionȱ(IȬIV)ȱ
InȱstudiesȱIȱandȱIII,ȱadditionalȱratsȱwereȱperfusedȱimmediatelyȱandȱ24ȱhȱafterȱcellȱinfusionȱ
forȱhistology.ȱTheȱanimalsȱfromȱstudyȱII/IVȱwereȱperfusedȱonȱpostoperativeȱdayȱ43.ȱAllȱtheȱ
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ratsȱwereȱ perfusedȱ transcardiallyȱwithȱ 0.9%ȱNaClȱ followedȱ byȱ 4%ȱ paraformaldehydeȱ inȱ
phosphateȱbufferȱ(0.1ȱM,ȱpHȱ7.4).ȱTheȱbrainsȱwereȱcarefullyȱremovedȱfromȱtheȱskulls,ȱpostȬ
fixedȱandȱcryoprotected.ȱLater,ȱbrainȱsectionsȱ(35ȱPm)ȱwereȱcutȱusingȱaȱvibratomeȱ(I,ȱIII)ȱorȱaȱ
slidingȱmicrotomeȱ (II/IV)ȱandȱ theȱ sectionsȱwereȱstoredȱ inȱaȱcryoprotectantȱ tissueȱsolutionȱ
(antifreeze)ȱatȱȬ20ȱ°C.ȱȱTheȱsectionsȱfromȱstudyȱIIȱwereȱstainedȱwithȱcresylȱvioletȱinȱorderȱtoȱ
visualizeȱinfarctȱsizeȱandȱlocation.ȱ
4.9.2ȱIntravascularȱlocalizationȱofȱhumanȱBMMSCsȱ(IȱandȱIII)ȱ
Inȱ theȱ investigationȱ ofȱ theȱ intravascularȱ localizationȱ ofȱ theȱ humanȱ BMMSCs,ȱ sequentialȱ
doubleȱimmunofluorescenceȱstainingȱwasȱused.ȱTheȱsectionsȱwereȱfirstȱincubatedȱovernightȱ
withȱMAB1281ȱ(1:1,000,ȱMillipore),ȱanȱantibodyȱspecificȱforȱhumanȱnuclei.ȱOnȱtheȱnextȱdayȱ
sectionsȱwereȱ rinsedȱusingȱ ȱTrisȬbufferedȱsalineȱwithȱ0.5%ȱTritonȱXȬ100ȱ (TBSȬT)ȱandȱ thenȱ
incubatedȱ forȱ 2ȱ hȱwithȱ Alexaȱ Fluorȱ 488ȱ goatȱ antimouseȱ IgGȱ (1:150,ȱMolecularȱ Probes)ȱ
secondaryȱ antibody.ȱAfterȱ theȱ secondaryȱ antibodyȱ incubation,ȱ theȱ sectionsȱwereȱblockedȱ
withȱ FabȬfragmentsȱ (1:500,ȱ Jacksonȱ ImmunoResearchȱ Laboratoriesȱ Inc.)ȱ forȱ 1ȱ h.ȱ
SubsequentlyȱtheȱbloodȱvesselsȱwereȱstainedȱbyȱincubatingȱsectionsȱovernightȱwithȱRECAȬ1ȱ
(1:1000,ȱAbDȱSerotec).ȱNext,ȱtheȱsectionsȱwereȱincubatedȱ(2ȱh)ȱwithȱtheȱsecondaryȱantibodyȱ
whichȱwasȱAlexaȱFluorȱ594ȱ (goatȱantiȬmouseȱ IgG,ȱ1:400,ȱMolecularȱProbes).ȱLast,ȱ stainedȱ
sectionsȱwereȱmountedȱonȱglassȱslidesȱandȱcoverslipped.ȱTheȱintensityȱofȱtheȱstainingȱwasȱ
estimatedȱ byȱ viewingȱ theȱ imagesȱ inȱ anȱAxioȱ Imager.2ȱ uprightȱ fluorescenceȱmicroscopeȱ
(Carlȱ Zeissȱ GmbH)ȱ equippedȱwithȱ anȱ AxioCamMRmȱ camera.ȱ Asȱ aȱ negativeȱ control,ȱ aȱ
similarȱ procedureȱ wasȱ appliedȱ butȱ theȱ sectionsȱ wereȱ incubatedȱ withoutȱ theȱ primaryȱ
antibodies.ȱȱ
4.9.3ȱImmunostainingȱforȱendothelialȱcellsȱ(II)ȱ
Inȱ theȱassessmentȱofȱangiogenesis,ȱbloodȱvesselsȱwereȱstainedȱusingȱRECAȬ1ȱ (endothelialȱ
cellȱantibody).ȱInȱtheȱ immunostaining,ȱtheȱsectionsȱwereȱwashedȱwithȱ0.1ȱMȱPBSȱ(pHȱ7.4)ȱ
andȱ thenȱ incubatedȱ overnightȱ withȱ primaryȱ antibodyȱ RECAȬ1ȱ (1:1,000,ȱ AbDȱ Serotec,ȱ
Oxford,ȱUK)ȱ inȱ TBSȬTȱ atȱ roomȱ temperature.ȱAfterȱwashingȱ inȱ TBSȬT,ȱ theȱ sectionsȱwereȱ
incubatedȱforȱ2ȱhȱwithȱtheȱsecondaryȱantibodyȱ(goatȱantiȬmouseȱ×ȱbiotin,ȱVector).ȱAfterȱtheȱ
subsequentȱ washingȱ stepȱ theȱ sectionsȱ wereȱ incubatedȱ withȱ mouseȱ StreptAvidinȱ (GEȱ
Healthcare)ȱ followedȱ byȱ incubationȱ forȱ 2Ȭ3ȱminȱwithȱ diaminobenzidineȱ (DAB).ȱ ȱ Inȱ theȱ
analysis,ȱ theȱ imagesȱwereȱ capturedȱwithȱAxioȱ Imager.2ȱ uprightȱmicroscopeȱ (Carlȱ Zeissȱ
GmbH,ȱ Germany).ȱ Perilesionalȱ corticalȱ regionsȱ wereȱ sampledȱ fromȱ 3ȱ differentȱ
anterioposteriorȱ levelsȱ (6ȱ samplesȱ ofȱ 250ȱ xȱ 250ȱ pixels).ȱ Areaȱ occupiedȱ byȱ RECAȬ1ȱ
immunopositivityȱwasȱextractedȱandȱmeasuredȱbyȱphotoshop.ȱCalculatedȱareaȱisȱexpressedȱ
asȱ%ȱimmunoreactiveȱarea.ȱ
4.9.4ȱAEȱstainingȱ(IV)ȱ
Toȱ examineȱ theȱaccumulationȱofȱAEȱ inȱ theȱ thalamus,ȱaȱ rodentȱ specificȱprimaryȱantibodyȱ
(rabbitȱ antiȬrodent,ȱAE3Ȭ16,ȱ #9151,ȱCovance,ȱUSA)ȱwasȱ used.ȱ First,ȱ theȱ adjacentȱ sectionsȱ
wereȱpretreatedȱwithȱhotȱcitrateȱbufferȱ(30ȱmin,ȱ85ȱ°C).ȱAfterȱrinsingȱtheȱsectionsȱwithȱTBSȬ
T,ȱtheyȱwereȱ incubatedȱ(overnight,ȱatȱroomȱtemperature)ȱwithȱprimaryȱantibodyȱ inȱTBSȬTȱ
(1:5,000).ȱSubsequently,ȱtheȱsectionsȱwereȱrinsedȱagainȱandȱplacedȱintoȱaȱsolutionȱcontainingȱ
secondaryȱantibodyȱsolutionȱ (1:400)ȱgoatȱantiȬrabbitȱ Ig*biotinȱ (Vector,ȱUSA)ȱ forȱ2ȱh.ȱAfterȱ
incubation,ȱ theȱ rinsedȱ sectionsȱwereȱ transferredȱ toȱStreptAvidinȱ (GEȱHealthcare)ȱsolutionȱ
andȱfinallyȱincubatedȱwithȱDABȱforȱapproximatelyȱ3ȱminȱ(223).ȱȱ
4.9.5ȱCalciumȱstainingȱ(IV)ȱ
Calciumȱaccumulationȱ inȱ theȱ thalamusȱwasȱ studiedȱbyȱ theȱAlizarinȱ redȱmethodȱ (222).ȱ Inȱ
brief,ȱafterȱmountingȱtheȱsectionsȱonȱglassȱslideȱ(gelatinized),ȱslidesȱwereȱimmersedȱforȱ30ȱ
secȱ inȱ 2ȱ%ȱAlizarinȱ redȱ solutionȱ (w/v,ȱ distilledȱwater,ȱ pHȱ 4.1ȱ Ȭȱ 4.3;ȱMerck,ȱDarmstadt,ȱ
Germany)ȱ andȱ thenȱ rinsedȱ inȱwater.ȱ Finally,ȱ theȱ sectionsȱwereȱdehydratedȱ quicklyȱwithȱ
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acetoneȱandȱxyleneȱandȱcoverslippedȱusingȱDepex.ȱStainedȱsectionȱ imagesȱwereȱcapturedȱ
usingȱanȱAxioȱImager.2ȱuprightȱmicroscopeȱ(5ȱxȱmagnification).ȱ
4.9.6ȱImageȱanalysisȱ(IV)ȱ
AdobeȱPhotoshopȱCCȱsoftwareȱwasȱusedȱforȱanalysisȱinȱblindȱmannerȱandȱcapturedȱimagesȱ
wereȱ mergedȱ togetherȱ andȱ convertedȱ toȱ grayȱ scale.ȱ Then,ȱ theȱ areasȱ withȱ theȱ stainingȱ
intensityȱ aboveȱ thresholdȱ valueȱwereȱ extractedȱ andȱ accumulationȱ ofȱAEȱ orȱ calciumȱwasȱ
measured.ȱȱ
4.10ȱStatisticalȱanalysisȱ
ȱ
TheȱstatisticalȱdifferencesȱinȱtheȱpresentȱstudyȱwereȱanalyzedȱbyȱSPSSȱsoftwareȱ(IBMȱSPSSȱ
Statisticsȱ19).ȱNonparametricȱtestsȱwereȱappliedȱwhenȱthereȱwasȱnoȱnormalȱdistributionȱorȱ
anȱexcessivelyȱ lowȱ ‘n’ȱnumberȱorȱ inȱcasesȱwhenȱsubjectiveȱ ratingȱ scalesȱwereȱ inȱuse.ȱTheȱ
levelsȱ ofȱ radioactivityȱ betweenȱ groupsȱ andȱ hemispheresȱ wereȱ comparedȱ byȱ theȱMannȱ
Whitneyȱ testȱ andȱ theȱWilcoxonȱ test,ȱ respectivelyȱ (I).ȱBehavioralȱoutcomesȱ forȱ theȱoverallȱ
groupȱeffectȱorȱgroupȱ×ȱtimeȱinteractionȱwereȱevaluatedȱusingȱrepeatedȱmeasuresȱanalysisȱ
ofȱvarianceȱ (ANOVA)ȱ followedȱbyȱLSDȱpostȬhocȱ testȱ (II).ȱOneȬwayȱANOVAȱ followedȱbyȱ
LSDȱtestȱwasȱappliedȱtoȱdetectȱdifferencesȱbetweenȱgroupsȱduringȱtheȱfollowȬupȱdays.ȱDataȱ
fromȱstudyȱ IIIȱwereȱanalyzedȱbyȱrepeatedȱmeasuresȱANOVAȱ (SPECTȱdata)ȱandȱ twoȬwayȱ
ANOVAȱ(radioactivityȱdata)ȱwithȱcellȱtypeȱandȱsham/MCAOȱoperationȱasȱcovariates.ȱThereȱ
wereȱ noȱ significantȱ differencesȱ betweenȱ theȱ MCAOȱ andȱ shamȬoperatedȱ ratsȱ inȱ anyȱ
measuresȱ (III),ȱ forȱ thatȱreason,ȱ theseȱgroupsȱwereȱcombinedȱandȱratȱvs.ȱhumanȱcellsȱwereȱ
compared.ȱThen,ȱdifferencesȱ inȱSPECTȱandȱ radioactivityȱdataȱbetweenȱgroupsȱatȱvariousȱ
timeȱpointsȱwereȱexaminedȱbyȱMannȬWhitneyȱUȱ tests.ȱTheȱdifferencesȱ inȱAΆȱandȱcalciumȱ
stainingȱbetweenȱexperimentalȱgroupsȱwereȱanalyzedȱusingȱoneȬwayȱANOVAȱfollowedȱbyȱ
theȱLSDȱpostȱhocȱtest,ȱifȱneededȱ(IV).ȱDataȱareȱexpressedȱasȱmeanȱ±ȱstandardȱerrorȱofȱmeanȱ
(S.E.M.).ȱȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
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5ȱResultsȱ
5.1 STUDY I 
5.1.1ȱCharacterizationȱofȱhumanȱBMMSCsȱ
AllȱBMMSCsȱusedȱinȱpresentȱstudyȱwereȱpassageȱ2ȱandȱhadȱundergoneȱaboutȱtwentyȬfiveȱ
divisionsȱfromȱtheȱbegingingȱofȱtheirȱculturing.ȱAfterȱtrypsinȱdetachment,ȱflowȱcytometricȱ
analysisȱwasȱperformedȱonȱtheȱcells.ȱWhereasȱtheȱMSCȱmarkersȱ(CD105,ȱCD90,ȱandȱCD73)ȱ
wereȱ positiveȱ (100%),ȱ theȱ negativeȱ markersȱ (CD45,ȱ CD34,ȱ CD19ȱ andȱ CD14)ȱ wereȱ
untraceableȱorȱhadȱveryȱlowȱexpression.ȱȱ
5.1.2ȱTransientȱlocalizationȱofȱhumanȱBMMSCsȱinȱtheȱratȱbrainȱȱȱ
SPECTȱ imagingȱwasȱ usedȱ toȱ trackȱ 111InȬoxineȬlabeledȱ BMMSCsȱ afterȱ IAȱ deliveryȱ andȱ toȱ
studyȱtheȱwholeȬbodyȱbiodistributionȱofȱinfusedȱcells.ȱTheȱtrypanȱblueȱtechniqueȱrevealedȱ
highȱ cellȱviabilityȱafterȱ labelingȱwithȱ 111InȬoxineȱ (1–5ȱBq/cell),ȱ itȱwasȱ89%ȱwithȱnoȱ lossȱofȱ
viabilityȱ duringȱ nextȱ coupleȱ ofȱ hours.ȱNoȱmortalityȱwasȱ observedȱ inȱMCAOȱ orȱ shamȬ
operatedȱratsȱsuggestingȱthatȱcellȱtransplantationȱwasȱwellȱtoleratedȱafterȱIAȱdelivery.ȱ
Immediatelyȱ (30ȱmin)ȱ afterȱ theȱ cellȱ infusion,ȱ thereȱwasȱ aȱ highȱ signalȱ inȱ theȱ
brain,ȱwhichȱcouldȱbeȱseenȱ inȱbothȱshamȬoperatedȱandȱMCAOȱratsȱ(Figureȱ6ȱA).ȱButȱthenȱ
theȱ signalȱ relocatedȱ toȱ liverȱandȱotherȱ internalȱorgansȱduringȱnextȱ24ȱhȱ (Figureȱ6.ȱA,ȱC).ȱ
TwentyȬfourȱhoursȱafterȱcellȱ infusion,ȱonlyȱaȱminorȱsignalȱcouldȱbeȱdetectedȱ inȱ theȱbrain.ȱ
Similarlyȱ whenȱ radioactivityȱ (%ȱ ofȱ injectedȱ dose)ȱ forȱ contralateralȱ (left)ȱ andȱ ipsilateralȱ
(right)ȱhemisphereȱwasȱmeasuredȱatȱ24ȱhȱtheȱhigherȱsignalȱwasȱperceivedȱatȱtheȱipsilateralȱ
hemisphereȱparticularyȱ inȱMCAOȱratsȱ (Figureȱ6ȱB,ȱp<0.05).ȱTheȱmajorityȱofȱ theȱcellȱsignalȱ
wasȱobservedȱinȱliverȱandȱspleenȱ(Figureȱ6ȱC).ȱ
Figure 6. Whole-body distribution 
of cells. After IA delivery, 
transient localization of human 
BMMSCs in the rat brain is shown 
by the representative SPECT 
images (A). Radioactivity present 
the different organs (% of 
injected dose) was measured 
after the last scanning (B, C). 
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5.1.3ȱIntravascularȱlocalizationȱofȱhumanȱBMMSCsȱȱ
Separateȱ shamȬoperatedȱ animalsȱ wereȱ usedȱ toȱ studyȱ theȱ intravascularȱ localizationȱ ofȱ
humanȱ BMMSCs.ȱ Histologicalȱ stainingȱ wasȱ performedȱ withȱ MAB1281ȱ andȱ RECAȬ1ȱ
immediatelyȱorȱ24ȱhȱafterȱcellȱtransplantation.ȱCellsȱwereȱlocatedȱwithinȱcapillariesȱofȱbrainȱ
andȱthereȱwereȱnoȱsignsȱofȱaggregationsȱ(Figureȱ7).ȱWhenȱstainingȱwasȱperformedȱoneȱdayȱ
afterȱcellȱinfusion,ȱonlyȱaȱfewȱscatteredȱBMMSCsȱwereȱobservedȱwithinȱtheȱvasculature.ȱȱ
ȱ
Figure 7. Location of human BMMSCs after IA delivery. Human nuclei (MAB1281) are shown in 
green and blood vessels (RECA-1) in red.ȱ
5.2 STUDY II  
5.2.1ȱInclusionȱcriteriaȱandȱtotalȱinfarctȱsizeȱȱ
Basedȱ onȱ theȱpreȬdefinedȱ inclusionȱ criteria,ȱ ratsȱwereȱ assignedȱ toȱdifferentȱ experimentalȱ
groups:ȱMCAOȱ+ȱvehicle,ȱMCAOȱ+ȱ48hȱcells,ȱMCAOȱ+ȱ7dȱcellsȱandȱSHAM.ȱTheȱtotalȱinfarctȱ
sizeȱdidȱnotȱdifferȱamongȱtheȱMCAOȱgroupsȱ(dayȱ1,ȱp=0.699;ȱdayȱ43,ȱp=0.891).ȱInȱmostȱofȱ
theȱMCAOȱrats,ȱtheȱtypicalȱinfarctȱinvolvedȱvariableȱdegreesȱofȱparietalȱsensorimotorȱcortexȱ
andȱusuallyȱwithȱseverelyȱdamagedȱstriatum.ȱTheȱmaturationȱofȱ theȱ infarctȱ ledȱ toȱ theȱ theȱ
shrinkageȱofȱhemisphereȱonȱtheȱipsilateralȱsideȱwithȱtheȱformationȱofȱaȱliquidȱfilledȱcystȱatȱ
dayȱ43.ȱTwelveȱratsȱwereȱnotȱincludedȱinȱtheȱexperimentalȱgroupsȱowingȱtoȱtheȱpresenceȱofȱ
hemorrhageȱorȱanȱextremelyȱ largeȱ lesionȱ (>180ȱmm3)ȱorȱveryȱsmallȱorȱnoȱcorticalȱdamageȱ
(<20ȱ mm3)ȱ orȱ onlyȱ aȱ minorȱ behavioralȱ impairement.ȱ Furthermore,ȱ fiveȱ ratsȱ diedȱ afterȱ
surgeryȱ fromȱ theȱ totalȱ groupȱ ofȱ 60ȱ rats.ȱ Butȱ theȱ deathsȱ wereȱ notȱ relatedȱ toȱ theȱ cellȱ
transplantation.ȱFurthermore,ȱtwoȱratsȱhadȱtoȱbeȱexcludedȱdueȱtoȱdifficultiesȱinȱbehavioralȱ
pretraining.ȱȱ
5.2.2ȱBehavioralȱoutcomeȱ
EitherȱhumanȱBMMSCsȱ(1ȱxȱ106ȱcells)ȱorȱvehicleȱwereȱintraȬarteriallyȱdeliveredȱatȱ48ȱhȱorȱ7ȱ
daysȱpostȬischemiaȱinȱrats.ȱTheȱextentȱofȱtheȱsensorimotorȱrecoveryȱwasȱassessedȱwithȱtheȱ
cylinderȱtest,ȱMontoya’sȱstaircaseȱtestȱandȱstickyȱlabelȱduringȱ42ȱdayȱfollowȬupȱperiod.ȱ
5.2.2.1ȱCylinderȱtestȱ
Theȱ cylinderȱ testȱ wasȱ performedȱ oneȱ dayȱ beforeȱ theȱ surgicalȱ procedureȱ andȱ onȱ
postoperativeȱdaysȱ6,ȱ21ȱandȱ42ȱtoȱassessȱtheȱspontaneousȱforelimbȱuseȱandȱtheȱpresenceȱofȱ
imbalanceȱ betweenȱ theȱ forelimbs.ȱAsȱ shownȱ inȱ figureȱ 8,ȱ allȱMCAOȱ animalsȱ exhibitedȱ aȱ
severeȱdeficitȱ (decreasedȱuseȱofȱ theȱ impairedȱ forelimb)ȱafterȱ ischemia.ȱRepeatedȱmeasureȱ
ANOVAȱ revealedȱ aȱ significantȱ (p<0.001)ȱ overallȱ groupȱ effectȱ andȱ thisȱ wasȱ dueȱ toȱ theȱ
differenceȱbetweenȱ theȱMCAOȱandȱshamȬoperatedȱrats.ȱCellȱ treatmentȱeitherȱatȱ48ȱhȱorȱ7ȱ
dayȱafterȱischemiaȱdidȱnotȱimproveȱforelimbȱuseȱcomparedȱtoȱvehicle.ȱȱ
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Figure 8. Cylinder test. Left forelimb use during lateral exploration was impaired after MCAO 
and was not affected by cell therapy. 
5.2.2.2ȱMontoya’sȱstaircaseȱtestȱ
SkilledȱforelimbȱuseȱofȱratsȱtreatedȱwithȱcellsȱorȱvehicleȱwasȱassessedȱinȱMontoya’sȱstaircaseȱ
test.ȱTheȱnumberȱ ofȱpelletsȱ eatenȱwithȱ theȱ leftȱ forelimbȱ (contralateral)ȱwasȱ similarȱ inȱ allȱ
experimentalȱgroupsȱatȱbaseline.ȱThereȱwasȱaȱsignificantȱgroupȱ×ȱtimeȱinteractionȱ(p<0.001)ȱ
(Figureȱ9).ȱInȱaȱmoreȱdetailedȱanalysis,ȱaȱsignificantȱdecreaseȱwasȱobservedȱinȱtheȱnumberȱofȱ
eatenȱpelletsȱwithȱ theȱ impairedȱ forelimbȱ betweenȱ allȱMCAOȱ andȱ shamȬoperatedȱ groupsȱ
(p<0.001).ȱ Thereȱ wasȱ noȱ differenceȱ betweenȱ theȱ groupsȱ ofȱMCAOȱ rats.ȱ Thereȱ wasȱ noȱ
significantȱgroupȱ×ȱtimeȱinteractionȱinȱtheȱnumberȱofȱpelletsȱdroppedȱ(p=0.142).ȱȱ
Figure 9. Montoya’s staircase test. Skilled forelimb use was impaired after MCAO and was not 
affected by cell therapy (impaired forelimb). 
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5.2.2.3ȱStickyȱlabelȱtestȱ
Theȱstickyȱlabelȱtestȱwasȱusedȱtoȱassessȱtheȱsensoryȱandȱmotorȱdeficitsȱofȱrats.ȱRatsȱdidȱnotȱ
differȱ inȱ theȱ performanceȱ taskȱ beforeȱ theȱ surgicalȱ procedure.ȱ Aȱ statisticallyȱ significantȱ
overallȱgroupȱeffectȱ (p<0.05)ȱandȱgroupȱ×ȱ timeȱ interactionȱ (p<0.001)ȱwereȱobservedȱ inȱ theȱ
firstȱcontactȱtoȱlabel,ȱandȱthisȱwasȱdueȱtoȱtheȱdifferenceȱbetweenȱMCAOȱandȱshamȬoperatedȱ
ratsȱ(Figureȱ10).ȱInȱtheȱtaskȱwhereȱtheȱratsȱhadȱtoȱremoveȱtheȱlabelȱaȱstatisticallyȱsignificantȱ
groupȱ ×ȱ timeȱ interactionȱ (p<0.05)ȱwasȱ observedȱ forȱ impairedȱ forelimbȱuse.ȱHowever,ȱnoȱ
significantȱdifferencesȱamongȱgroupsȱwereȱobservedȱwhenȱtheȱfollowȬupȱdaysȱwereȱtestedȱ
separatelyȱ(dayȱ6,ȱp=0.135;ȱdayȱ21,ȱp=0.070;ȱdayȱ42,ȱp=0.224).ȱNoȱsignificantȱdifferencesȱwereȱ
observedȱbetweenȱcellȬtreatedȱandȱvehicleȬtreatedȱMCAOȱratsȱeitherȱinȱtermsȱofȱlatencyȱtoȱ
firstȱcontactȱorȱinȱtimeȱforȱremovalȱofȱstickyȱlabelȱbyȱimpairedȱforelimb.ȱȱ
Figure 10. Sticky label test. Both time required to the first contact (sensory function) and to 
remove the label (motor function) showed transient impairment after MCAO.  
5.2.3ȱIncreasedȱperilesionalȱangiogenesisȱbyȱBMMSCsȱȱ
Perilesionalȱangiogenesisȱwasȱ studiedȱusingȱRECAȬ1ȱstainingȱ (Figureȱ11).ȱAnalysisȱofȱ theȱ
dataȱwithȱ oneȱwayȱANOVAȱ revealedȱ aȱ significantȱ (p<0.05)ȱ overallȱ groupȱ effectȱ forȱ theȱ
numberȱofȱRECAȬ1ȱpositiveȱmicroȬcapillaries.ȱTheȱgroupȱofȱMCAOȱratsȱtreatedȱwithȱhumanȱ
BMMSCsȱ onȱ postoperativeȱ dayȱ 7ȱ showedȱ increaseȱ inȱ theȱ numberȱ ofȱ bloodȱ vesselsȱ inȱ
perilesionalȱcortexȱcomparedȱtoȱshamȬoperatedȱgroupȱ(p<0.01).ȱȱ
ȱȱ
Figure 11. Angiogenesis. Perilesional angiogenesis was studied by RECA-1 staining. Staining was 
increased in MCAO rats treated with cells on post-operative day 7. 
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Figure 12. Biodistribution of cells. 
Representative SPECT images 
showing the localization of rat (A) 
and human (B) BMMSCs in the 
brain immediately after IA delivery 
in MCAO rats. 
5.3 STUDY III 
5.3.1ȱCharacterizationȱofȱratȱandȱhumanȱBMMSCsȱȱ
Bothȱratȱandȱhumanȱcellsȱdisplayedȱ typicalȱmorphologyȱ (spindleȬshaped)ȱofȱMSCsȱbeforeȱ
detachment.ȱ Flowȱ cytometryȱ analaysisȱwasȱ performedȱ toȱ detectȱ aȱ setȱ ofȱmarkersȱwhichȱ
haveȱ beenȱ definedȱ byȱ Internationalȱ Societyȱ forȱCellularȱ Therapy.ȱ Theȱ humanȱ cellsȱwereȱ
positiveȱforȱtheȱthreeȱMSCȱmarkersȱCD105,ȱCDȱ90ȱandȱCD73ȱ(allȱ>ȱ99%)ȱandȱnegativeȱforȱtheȱ
selectedȱ hematopoieticȱ lineageȱmarkersȱ i.e.ȱ CD45,ȱ CD34,ȱ CD19ȱ andȱ CD14.ȱ Inȱ addition,ȱ
humanȱMSCsȱexpressedȱHLAȬDRȱ(36.3%)ȱandȱHLAȬABCȱ(>99%).ȱTheȱratȱcellsȱwereȱpositiveȱ
forȱCD90ȱ(99.8%),ȱCD73ȱ(62.1%),ȱCD44ȱ(100%)ȱandȱCD29ȱ(100%).ȱandȱnegativeȱforȱCD45ȱandȱ
CD11bȱ(1.3%ȱpositive).ȱȱ
5.3.2ȱAccumulationȱofȱratȱandȱhumanȱBMMSCsȱinȱtheȱbrainȱandȱdifferentialȱclearanceȱ
ȱ99mTcȬHMPAOȬlabeledȱhumanȱandȱratȱBMMSCsȱwereȱ infusedȱatȱ24ȱhoursȱafterȱMCAOȱorȱ
shamȬoperationȱdirectlyȱ intoȱ theȱECA.ȱ Immediatelyȱafterȱ theȱcellȱ infusion,ȱ theȱmajorityȱofȱ
bothȱratȱandȱhumanȱBMMSCsȱwereȱlocatedȱinȱtheȱbrainȱandȱonȱtheȱhemisphereȱipsilateralȱtoȱ
infusionȱ(Figureȱ12ȱA,ȱB).ȱDoubleȱimmunohistochemistryȱforȱhumanȱnucleiȱ(MABȱ1281)ȱandȱ
bloodȱ vesselsȱ (RECAȬ1)ȱ inȱ shamȬoperatedȱ (Figureȱ 13ȱA)ȱ andȱMCAOȱ (Figureȱ 13ȱ B)ȱ ratsȱ
revealedȱthatȱtheȱhumanȱBMMSCsȱwereȱlocatedȱinȱtheȱbrainȱcapillariesȱandȱthereȱwereȱnoȱ
signsȱofȱanyȱcellȱaggregation.ȱ
ȱ
Figure 13. Intravascular cell location after IA delivery. Human nuclei (MAB1281) are shown in 
green and blood vessels (RECA-1) in red in sham-operated (A) and MCAO (B) rats. 
ȱ
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Aȱsemiquantitativeȱanalysisȱofȱdifferentȱorgansȱwasȱperformedȱtoȱevaluateȱtheȱ
behaviorȱofȱ theȱcellsȱduringȱ theȱ6ȱhȱfollowȬupȱ(Figureȱ14ȱA,ȱB,ȱC).ȱTheȱMCAOȱandȱshamȬ
operatedȱ experimentalȱ groupsȱ wereȱ pooledȱ togetherȱ asȱ repeatedȱ measuresȱ ANOVAȱ
detectedȱnoȱdifferencesȱbetweenȱtheseȱgroupsȱ(p=0.817).ȱWhenȱtheȱhumanȱandȱratȱderivedȱ
cellsȱwereȱ compared,ȱ theȱ repeatedȱmeasureȱANOVAȱ revealedȱaȱ significantȱoverallȱgroupȱ
effectȱ forȱ theȱ brainȱ signalȱ duringȱ theȱ followȱ upȱ timeȱ ofȱ 6ȱ hȱ (p<0.01)ȱ (Figureȱ 13ȱ A).ȱ Aȱ
significantȱgroupȱxȱtimeȱinteractionȱ(p<0.01)ȱindicatedȱthatȱthereȱwasȱaȱdifferentialȱclearanceȱ
ofȱhumanȱandȱratȱcellsȱfromȱtheȱbrain.ȱAȱcomparisonȱbetweenȱcombinedȱgroupsȱatȱtheȱ6ȱhȱ
followȬupȱafterȱcellȱinfusionȱshowedȱthatȱtheȱsignalȱforȱhumanȱcellsȱwasȱlowerȱthanȱforȱratȱ
BMMSCsȱ(p<0.01).ȱȱ
ȱ
Figure 14. Clearance of BMMSCs from different organs. Differential clearance of human BMMSCs 
from brain (A), liver (B) and kidney (C) after IA delivery of rat and human BMMSCs was 
observed. 
ȱ
RepeatedȱmeasuresȱANOVAȱdetectedȱaȱsignificantȱgroupȱeffectȱforȱtheȱsignalȱinȱ
liverȱ(p<0.001)ȱ (Figureȱ14ȱB).ȱFurthermore,ȱaȱsignificantȱgroupȱxȱtimeȱ interactionȱ(p<0.001)ȱ
wasȱevidenceȱofȱdifferentialȱrelocationȱofȱhumanȱandȱratȱcellsȱtoȱtheȱliver.ȱAȱcomparisonȱofȱ
theȱ groupsȱ duringȱ 6ȱ hȱ followȬupȱ periodȱ revealedȱ thatȱ theȱ signalȱ fromȱ humanȱ cellsȱwasȱ
higherȱatȱ3ȱandȱ6ȱhȱpostȱcellȱ infusionȱ (p<0.01).ȱAȱ similarȱpatternȱofȱ signalȱ relocationȱwasȱ
seenȱ inȱ theȱkidneyȱ (Figureȱ14ȱC)ȱwhereȱrepeatedȱmeasureȱANOVAȱ indicatedȱaȱsignificantȱ
groupȱ effectȱ (p<0.001)ȱ andȱ groupȱ xȱ timeȱ interactionȱ (p<0.001).ȱ Theȱ groupȱ comparisonȱ
detectedȱdifferencesȱatȱ3ȱhȱandȱ6ȱhȱpostȱcellȱinfusionȱinȱbothȱliverȱandȱkidneyȱ(p<0.01).ȱ
5.4 STUDY IV 
Itȱ isȱknownȱ thatȱ focalȱ cerebralȱ ischemiaȱ leadsȱ toȱ secondaryȱdegenerationȱ inȱnonischemicȱ
remoteȱbrainȱareasȱsuchȱasȱtheȱthalamus.ȱInȱtheȱpresentȱstudyȱsecondaryȱpathologyȱinȱtheȱ
thalamusȱwasȱanalysedȱafterȱcellȱinfusionȱandȱtheȱpurposeȱofȱstudyȱwasȱtoȱclarifyȱwhetherȱ
cellȱinfusionȱwouldȱhaveȱanȱeffectȱonȱatypicalȱpathologicalȱchanges,ȱwhichȱthenȱmayȱhaveȱ
contributedȱtoȱtheȱbehavioralȱresultsȱinȱstudyȱII.ȱȱ
5.4.1ȱAccumulationȱofȱAΆȱinȱtheȱthalamusȱȱ
Theȱ rodentȱ specificȱ antibodyȱ (AΆ3Ȭ16)ȱ detectedȱ AEȬpositiveȱ depositsȱ inȱ theȱ ipsilateralȱ
thalamusȱofȱstrokeȱ ratsȱ (Figureȱ15ȱA),ȱ theȱdepositsȱhadȱvariableȱ sizesȱ fromȱ small,ȱdiffuseȱ
granulesȱ toȱ largeȱ formations.ȱ Aȱ semiquantitativeȱ analysisȱ revealedȱ aȱ significantȱ overallȱ
groupȱeffectȱ inȱtheȱAΆȱ loadȱ(p<0.01).ȱAȱhighlyȱsignificantȱ increaseȱ inȱAΆȱdepositionȱ inȱtheȱ
thalamusȱwasȱobservedȱinȱtheȱexperimentalȱgroupȱofȱratsȱwhichȱwereȱtreatedȱbyȱBMMSCsȱ
atȱ48ȱhȱafterȱMCAO.ȱȱ
ȱ
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5.4.2ȱAccumulationȱofȱcalciumȱinȱtheȱthalamusȱ
Adjacentȱ brainȱ sectionsȱ wereȱ stainedȱ byȱ theȱ Alizarinȱ redȱ methodȱ toȱ studyȱ calciumȱ
accumulation.ȱ Alizarinȱ redȱ stainingȱ revealedȱ anȱ overlappingȱ distributionȱ patternȱ withȱ
calciumȱ andȱ AEȱ depositionȱ inȱ theȱ thalamusȱ (Figureȱ 15ȱ B).ȱ Consistentȱ withȱ theȱ
AEdeposition,ȱaȱsignificantȱoverallȱgroupȱeffectȱwasȱobservedȱ(p<0.01)ȱandȱfurthermore,ȱtheȱ
accumulationȱofȱcalciumȱinȱtheȱthalamusȱwasȱexacerbatedȱbyȱinfusionȱofȱhumanȱBMMSCsȱ
atȱ48ȱhȱafterȱMCAO.ȱȱ
ȱ
ȱ
Figure 15. Accumulation of AE and calcium deposits in the thalamus after MCAO. 
Semiquantitative analysis showing increase of AE (A) and calcium (B) staining in the ipsilateral 
thalamus in the MCAO rats receiving cells at 48 hours post ischemia. 
ȱ
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6ȱDiscussionȱ
Strokeȱ remainsȱ aȱmajorȱ causeȱ ofȱ deathȱ andȱ adultȱ disabilityȱ allȱ aroundȱ theȱworldȱ (235).ȱ
Recently,ȱmuchȱinterestȱhasȱbeenȱfocusedȱonȱcellȬbasedȱtherapiesȱasȱaȱpromisingȱapproachȱ
forȱstrokeȱtherapy.ȱInȱthisȱpreliminaryȱstageȱofȱdevelopment,ȱdifferentȱdeliveryȱroutesȱalongȱ
withȱdifferentȱ cellȱ typesȱhaveȱ beenȱ evaluated.ȱHowever,ȱ cellȱ therapyȱ canȱ beȱ challengingȱ
afterȱstrokeȱsinceȱthereȱisȱmassiveȱischemicȱdamageȱandȱtheȱsituationȱisȱveryȱdifferentȱfromȱ
Parkinson’sȱdiseaseȱorȱdiabetes,ȱinȱwhichȱonlyȱlimitedȱnumberȱofȱcellsȱareȱlost.ȱItȱisȱnotȱonlyȱ
neuronsȱ thatȱ needȱ toȱ beȱ replacedȱ butȱ bloodȱ vesselsȱ andȱ glialȱ cellsȱ areȱ alsoȱ severelyȱ
damaged.ȱTheȱvascularȱ compressionȱandȱ severeȱodemaȱwhichȱareȱassociatedȱwithȱ strokeȱ
restrictȱtheȱpotentialȱforȱcellȱengraftmentȱinȱtheȱperilesionalȱarea.ȱInȱaddition,ȱinȱtheȱlesionȱ
coreȱ damageȱ isȱ completeȱ withinȱ hours.ȱ Transplantableȱ cellsȱ areȱ perhapsȱ notȱ instantlyȱ
availableȱinȱthisȱemergencyȱsituation.ȱMoreover,ȱtheȱlongȬtermȱsurvivalȱofȱtheȱtransplantedȱ
cellsȱ isȱatȱ riskȱdueȱ toȱ theȱhostileȱenvironment.ȱCellȱ infusionȱatȱaȱ laterȱ timeȱmayȱbeȱmoreȱ
likelyȱ toȱ targetȱ secondaryȱ neurodegenerationȱ andȱ toȱ promoteȱ theȱ brain’sȱ ownȱ repairȱ
mechanismsȱ (154).ȱEvenȱ thoughȱ theȱcellsȱcanȱsurvive,ȱ theȱ lackȱofȱaȱ functionalȱvasculatureȱ
andȱ scarȱ formationȱ willȱ possiblyȱ limitȱ theirȱ therapeuticȱ benefits.ȱ Nevertheless,ȱ oneȱ
advantageȱisȱthatȱcellȱinfusionȱcanȱbeȱcombinedȱwithȱadditionalȱrehabilitativeȱtreatmentsȱtoȱ
achieveȱmaximalȱeffectsȱ(236).ȱTheȱoptimalȱtransplantationȱrouteȱandȱtheȱefficientȱdeliveryȱ
ofȱcellsȱareȱtwoȱkeyȱfactorsȱtoȱbeȱresolved.ȱItȱisȱevidentȱthatȱsystemicȱintroductionȱofȱcellsȱisȱ
lessȱ invasiveȱ andȱ thusȱ itȱ mayȱ beȱ moreȱ feasibleȱ forȱ clinicalȱ use.ȱ Nonethelessȱ clinicalȱ
translationȱofȱexperimentalȱresultsȱneedsȱtoȱbeȱbasedȱonȱreliableȱinformationȱconcerningȱtheȱ
safetyȱ andȱ efficacyȱofȱdifferentȱ routesȱofȱdelivery,ȱ cellȱ typesȱ andȱdosesȱused.ȱWhenȱ cellsȱ
wereȱdeliveredȱtoȱratsȱwithȱcerebralȱischemiaȱviaȱtheȱintravenousȱrouteȱitȱwasȱobservedȱthatȱ
majorityȱofȱinfusedȱcellsȱaccumulatedȱintoȱtheȱinternalȱorgansȱ(19,126).ȱInȱthisȱthesis,ȱintraȬ
arterialȱ infusionȱ wasȱ utilizedȱ forȱ deliveringȱ humanȱ BMMSCsȱ intoȱ ratsȱ withȱ cerebralȱ
ischemiaȱ andȱ thenȱ theȱ biodistributionȱ ofȱ cellsȱ wasȱ studiedȱ withȱ SPECTȱ imaging.ȱ Theȱ
therapeuticȱ efficacyȱ ofȱdeliveredȱ cellsȱwasȱ testedȱusingȱ aȱ batteryȱ ofȱ behavioralȱ testsȱ andȱ
histologicalȱoutcomeȱmeasures.ȱ
6.1 METHODOLOGICAL ISSUES 
Theȱ therapeuticȱ effectsȱ attainedȱ byȱ cellȱ therapyȱ inȱ preclinicalȱ strokeȱ studiesȱ haveȱ beenȱ
somewhatȱ conflictingȱ becauseȱ cellȱ preparations,ȱ strokeȱ modelsȱ andȱ imagingȱ outcomeȱ
measuresȱ haveȱ variedȱ significantlyȱ (6).ȱ Furtherȱ investigationsȱ areȱ definitelyȱ neededȱ toȱ
standardizeȱexperimentalȱprotocols,ȱwhichȱwillȱhelpȱtoȱtranslateȱtheȱexperimentalȱdataȱintoȱ
clinicalȱ treatments.ȱ Recently,ȱ theȱ STAIRȱ recommendationsȱwereȱ establishedȱ inȱ orderȱ toȱ
promoteȱharmonizationȱandȱ improveȱ theȱqualityȱofȱexperimentalȱstrokeȱresearchȱ (237).ȱInȱ
addition,ȱtheȱguidelinesȱpublishedȱbyȱSTEPSȱtryȱtoȱguideȱcellȬbasedȱresearchȱ inȱtheȱstrokeȱ
fieldȱ(10,11).ȱȱ
However,ȱ severalȱ factorsȱ areȱ notȱ clearlyȱ definedȱ inȱ STAIRȱ andȱ STEPSȱ
guidelinesȱandȱtheseȱmayȱhaveȱanȱimpactȱonȱoutcomeȱvariation.ȱTheȱfollowingȱdiscussionȱisȱ
anȱ attemptȱ toȱ summarizeȱ someȱofȱ theseȱ factorsȱbriefly.ȱSomeȱofȱ theȱ importantȱvariables,ȱ
whichȱaffectȱcellȱ transplantationȱefficacyȱareȱtheȱ typesȱofȱdonorȱcells,ȱrecipients,ȱstrategiesȱ
relatedȱ toȱ treatmentȱ andȱ howȱ theȱ functionalȱ assessmentȱ isȱ conductedȱ (238).ȱ Beneficialȱ
therapeuticȱeffectsȱhaveȱnotȱbeenȱachievedȱ inȱ theȱ fewȱofȱ theȱwellȬdesignedȱ studiesȱwhenȱ
HUCBȱMNCsȱwereȱ infusedȱafterȱexperimentalȱstroke,ȱparticularlyȱwhenȱmoreȱdemandingȱ
behavioralȱtestsȱhaveȱbeenȱappliedȱasȱtheȱoutcomeȱmeasureȱ(19,239,240).ȱItȱisȱpossibleȱthatȱ
differencesȱ relatedȱ toȱ theȱstorageȱofȱcellsȱandȱ theirȱprocessingȱmightȱhaveȱexplainedȱwhyȱ
thereȱ haveȱ beenȱ aȱ variabilityȱ ofȱ therapeuticȱ effects.ȱ Furthermore,ȱ itȱ isȱ notȱ clearȱwhetherȱ
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cryopreservationȱaltersȱtheȱcompositionȱorȱtheȱfunctionalityȱofȱcordȱbloodȱcellsȱ(241).ȱMostȱ
ofȱtheȱpreclinicalȱstudiesȱdetectingȱbeneficialȱtreatmentȱeffectsȱhaveȱusedȱfreshȱcordȱblood,ȱ
however,ȱthisȱapproachȱmightȱnotȱbeȱfeasibleȱinȱclinicalȱpractice.ȱForȱthisȱreason,ȱtheȱeffectsȱ
ofȱ cellsȱ subjectedȱ toȱ longȬtermȱ cryopreservationȱonȱneurorestorativeȱ abilitiesȱneedsȱ toȱbeȱ
studiedȱ (239).ȱ Thisȱ unconsideredȱ methodologicalȱ issueȱ mustȱ beȱ thoroughlyȱ consideredȱ
whileȱdesigningȱfutureȱexperiments.ȱȱ
Ifȱoneȱwishesȱtoȱunderstandȱtheȱmechanismsȱofȱrecoveryȱandȱischemicȱdamageȱ
thenȱ itȱ isȱ essentialȱ toȱ haveȱ aȱ validȱ experimentalȱ animalȱ model.ȱ Forȱ exampleȱ theȱ
developmentȱofȱnewȱtreatmentsȱsuchȱasȱcellȬbasedȱtherapiesȱrequiresȱtheirȱpriorȱtestingȱinȱaȱ
relevantȱanimalȱmodelȱ isȱessential.ȱRodentȱmodelsȱareȱmostȱcommonlyȱusedȱ inȱ theȱstrokeȱ
researchȱasȱtheseȱanimalsȱpossessȱaȱsimilarȱvasculatureȱtoȱhumans.ȱInȱcomparisonȱtoȱlargerȱ
animals,ȱ rodentsȱ areȱ lessȱ expensive,ȱ butȱnonethelessȱ alsoȱ varietyȱ ofȱ behavioralȱ testsȱ andȱ
sophisticatedȱimagingȱtechniquesȱcanȱbeȱapplied.ȱInȱhumans,ȱischemicȱstrokesȱ(80%)ȱareȱtheȱ
mostȱcommonȱtypeȱofȱstrokeȱwithȱtheȱMCAȱbeingȱaffectedȱinȱmostȱcases.ȱInȱtheȱmajorityȱofȱ
strokeȱvictims,ȱspontaneousȱreperfusionȱoccursȱafterȱtheȱfirstȱdaysȱorȱweekȱafterȱtheȱstrokeȱ
(242).ȱTheȱtransientȱMCAOȱmodelȱisȱprobablyȱtheȱmostȱcommonlyȱusedȱreperfusionȱmodel.ȱ
Inȱthisȱmodel,ȱaȱfilamentȱisȱinsertedȱintoȱtheȱICAȱinȱorderȱtoȱblockȱtheȱbloodȱsupplyȱtoȱtheȱ
MCAȱterritory.ȱAfterȱocclusion,ȱtheȱfilamentȱ isȱremovedȱtoȱallowȱreperfusion.ȱTheȱpresentȱ
studyȱselectedȱtoȱuseȱtheȱreperfusionȱmodelȱbecauseȱitȱallowsȱtheȱinfusedȱcellsȱtoȱenterȱintoȱ
theȱ ischemicȱcoreȱandȱperilesionalȱtissue.ȱOneȱcriticalȱfactorȱtoȱbeȱconsideredȱ isȱanesthesiaȱ
whichȱisȱpresentȱbothȱduringȱischemiaȱinductionȱandȱduringȱimaging.ȱItȱisȱwellȱknownȱthatȱ
manyȱcommonlyȱusedȱgaseousȱanestheticsȱsuchȱasȱhalothaneȱ(243)ȱandȱisofluraneȱ(244,245)ȱ
haveȱ neuroprotectiveȱ effectsȱ againstȱ strokeȱ injury.ȱ Thusȱ whenȱ designingȱ aȱ strokeȱ
experiment,ȱ theȱ neuroprotectiveȱ effectȱ ofȱ anestheticȱ agentȱ shouldȱ beȱ considered.ȱ Otherȱ
significantȱ factorsȱ suchȱ asȱ controlȱofȱbloodȱgasesȱwereȱ takenȱ intoȱ accountȱ inȱ theȱpresentȱ
study.ȱ
Theȱ qualityȱ assessmentȱ ofȱ strokeȱ experimentsȱ requiresȱ considerationȱ ofȱ theȱ
issuesȱrelatedȱ toȱ functionalȱbehaviorȱ testsȱsuchȱasȱrepeatedȱ testingȱatȱacute,ȱsubacuteȱandȱ
chronicȱ phase,ȱ choiceȱ ofȱ testsȱ used,ȱ andȱ theȱ assessmentȱ criteriaȱ needȱ toȱ beȱ consideredȱ
thoroughly.ȱTheȱevaluationȱ immediatelyȱwithinȱaȱfewȱhoursȱafterȱocclusionȱareȱfrequentlyȱ
obscuredȱbyȱtheȱoperationȱandȱanesthesiaȱstressȱandȱthusȱlongȬtermȱfunctionalȱevaluationȱisȱ
recommended.ȱInȱtheȱpresentȱstudyȱ(II/IV),ȱtheȱfollowȬupȱperiodȱwasȱ42ȱday.ȱThereȱareȱnoȱ
absoluteȱ recommendationsȱ forȱ choiceȱ ofȱ behavioralȱ testsȱ toȱ beȱ usedȱ duringȱ preclinicalȱ
strokeȱ experiments.ȱMostȱ ofȱ theȱ experimentsȱ haveȱ appliedȱ theȱmNSSȱ asȱ theȱ behavioralȱ
outcomeȱmeasureȱwithȱwhichȱtoȱassessȱpositiveȱtreatmentȱeffectsȱ(148,206).ȱItȱ isȱ importantȱ
toȱnoteȱthatȱsomeȱanimalsȱafterȱtheȱMCAOȱmayȱsufferȱfromȱinfectionsȱorȱsevereȱweightȱlossȱ
andȱmNSSȱmayȱassessȱtheȱgeneralȱwellȬbeingȱofȱtheȱexperimentalȱanimal,ȱnotȱtheȱfunctionalȱ
recovery.ȱMoreover,ȱtheȱapparentȱbehavioralȱimprovementȱfoundȱafterȱcellȬbasedȱtherapiesȱ
mayȱbeȱattributableȱtoȱenhancedȱcompensatoryȱstrategiesȱratherȱthanȱaȱtrueȱrecovery.ȱHenceȱ
theȱuseȱofȱdemandingȱbehavioralȱ testsȱwhichȱareȱableȱ toȱdifferentiateȱ trueȱ recoveryȱ fromȱ
compensatoryȱbehaviorȱisȱrecommended.ȱHereȱMontoya’sȱstaircase,ȱcylinderȱtestȱandȱstickyȱ
labelȱ testȱwereȱusedȱsinceȱ theseȱ testsȱareȱminimallyȱaffectedȱbyȱcompensationȱorȱrepeatedȱ
testing.ȱ Theȱ selectedȱ testsȱ areȱ easyȱ toȱ performȱ andȱ areȱ notȱ particularyȱ laborious.ȱ Theȱ
assessmentȱofȱforelimbȱfunctionȱisȱimportantȱbecauseȱimpairmentȱofȱtheȱupperȱextremityȱinȱ
strokeȱpatientȱ isȱaȱmajorȱproblemȱ (246).ȱ Inȱ theȱassessmentȱofȱbehavioralȱ tests,ȱ itȱ isȱcrucialȱ
thatȱtheȱevaluationȱisȱconductedȱinȱaȱblindedȱmannerȱbecauseȱtheȱscoresȱgivenȱbyȱexaminersȱ
areȱ subjectiveȱ andȱ thusȱ easilyȱ biased.ȱ Inȱ theȱ presentȱ study,ȱ personnelȱ involvedȱ withȱ
behavioralȱtestingȱandȱanalysisȱofȱresultȱwereȱblindedȱtoȱtheȱtreatmentȱgroups.ȱȱInȱadditionȱ
theȱinclusionȱandȱexclusionȱcriteriaȱshouldȱbeȱdefinedȱbeforeȱtheȱstartȱofȱexperiment.ȱBasedȱ
onȱ resultsȱ fromȱMRIȱandȱ forelimbȱplacingȱ test,ȱ itȱwasȱdecidedȱ toȱexcludeȱ thoseȱ ratsȱwithȱ
incompleteȱMCAO.ȱTheȱ remainingȱ ratsȱwereȱdividedȱ intoȱ theȱ experimentalȱ groupsȱwithȱ
respectȱtoȱtheȱseverityȱofȱtheȱbehavioralȱimpairment.ȱȱ
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Anotherȱmethodologicalȱ issueȱ inȱ cellȬbasedȱ therapiesȱ forȱ strokeȱ isȱ associatedȱ
withȱ theȱ optimalȱ cellȱ doseȱ requiredȱ toȱ achieveȱ therapeuticȱ effects,ȱ andȱ thisȱ isȱ notȱwellȱ
known.ȱInȱ theȱpresentȱ thesis,ȱ theȱcellȱdoseȱwasȱselectedȱbasedȱonȱ theȱ literatureȱwhereȱ theȱ
doseȱinȱexperimentalȱstudiesȱhasȱbeenȱusuallyȱaroundȱ1x106ȱcellsȱperȱrat.ȱItȱisȱalsoȱimportantȱ
toȱnoteȱthatȱaggregationȱofȱcellsȱinȱtheȱbloodȱvesselsȱmayȱcauseȱanȱembolicȱstrokeȱafterȱIAȱ
deliveryȱ (128).ȱ Itȱ isȱ believedȱ thatȱ lowȬdoseȱ cellȱ transplantationȱ providesȱ sufficientȱ antiȬ
inflammatoryȱ effectsȱ andȱ canȱpromoteȱ aȱ functionalȱ recoveryȱwithoutȱ theȱ riskȱofȱ embolicȱ
strokeȱ(130,140).ȱSimilarȱtoȱtheȱeffectiveȱcellȱdoses,ȱthereȱareȱnoȱclearȱrecommendationsȱforȱ
selectingȱtheȱtherapeuticȱtimeȱwindow,ȱandȱtheȱoptimumȱdeliveryȱroutes.ȱManyȱpreclinicalȱ
studiesȱhaveȱreportedȱ thatȱbothȱIVȱandȱIAȱdeliveryȱofȱcellsȱhaveȱbeenȱableȱtoȱenhanceȱ theȱ
functionalȱ recoveryȱ afterȱ acuteȱ stroke.ȱ Bothȱ deliveryȱ routesȱ haveȱ advancedȱ toȱ clinicalȱ
evaluations.ȱHowever,ȱonlyȱ aȱ fewȱ experimentsȱhaveȱ conductedȱ comparisonsȱbetweenȱ IVȱ
andȱIAȱrouteȱandȱtheȱresultsȱareȱsomewhatȱcontradictoryȱ(120,247).ȱAȱhighȱconcentrationȱofȱ
cellsȱ inȱ theȱ lesionȱsiteȱandȱaȱhigherȱ rateȱofȱcellȱengraftmentȱhaveȱbeenȱdemonstratedȱ (12)ȱ
alongȱwithȱ improvedȱfunctionalȱrecoveryȱafterȱIAȱdeliveryȱthanȱcouldȱbeȱobtainedȱviaȱtheȱ
IVȱ route.ȱNonethelessȱ thereȱ haveȱ beenȱ alsoȱ studiesȱ showingȱ thatȱ IAȱ deliveryȱ doesȱ notȱ
deliverȱ anyȱ additionalȱbenefitsȱoverȱ IVȱ transplantationȱ (121).ȱ Inȱ summary,ȱ itȱ isȱnotȱ clearȱ
which,ȱ ifȱ eitherȱ deliveryȱ routeȱ isȱ superior.ȱ Theȱ timingȱ ofȱ cellȱ deliveryȱ isȱ anotherȱ factorȱ
whichȱcouldȱbeȱcriticalȱtoȱachievingȱanȱeffectiveȱfunctionalȱoutcome.ȱInȱtheȱpresentȱstudy,ȱ
twoȱdifferentȱtimeȱpointsȱ(48ȱhȱorȱ7ȱday)ȱwereȱutilizedȱforȱtheȱIAȱcellȱdeliveryȱtoȱevaluateȱ
whetherȱtimingȱexertsȱanyȱeffectȱonȱoutcome.ȱ
6.2 BIODISTRIBUTION OF INTRA-ARTERIALLY INFUSED CELLS IN 
ISCHEMIC STROKE (I) 
Thereȱareȱdifferentȱmethodsȱwhichȱhaveȱbeenȱusedȱtoȱtrackȱtheȱcellsȱinȱvivoȱsuchȱasȱopticalȱ
imaging,ȱMRI,ȱ PETȱ andȱ SPECT.ȱ SPECTȱ wasȱ usedȱ inȱ theȱ presentȱ workȱ toȱmonitorȱ theȱ
biodistributionȱofȱcellsȱsinceȱitȱhasȱgoodȱtissueȱpenetrationȱandȱwholeȬbodyȱscanningȱisȱalsoȱ
possibleȱ inȱ smallȱ animals.ȱ Inȱ addition,ȱ SPECTȱ isȱ rapid,ȱ accurateȱ andȱ allowsȱ repeatedȱ
scanningȱonȱmultipleȱdays.ȱ111InȬoxineȱandȱ99mTcȬHMPAOȱareȱusedȱmostȱfrequentlyȱtoȱlabelȱ
cells.ȱTheseȱ radiolabelsȱ areȱ stableȱ forȱ inȱ vivoȱ cellȱ trackingȱ andȱ canȱ beȱ appliedȱ inȱ clinicalȱ
studiesȱ(248).ȱInȱadditionȱtoȱevaluationȱofȱcellȱmigrationȱandȱhoming,ȱmultimodalȱimagingȱ
approachȱ(SPECTȱwithȱCTȱorȱMRI)ȱprovidesȱanȱadditionalȱestimateȱofȱdifferentȱaspectsȱofȱ
cellȱhomingȱsuchȱasȱinfarctȱsizeȱandȱadverseȱreactionsȱ(e.g.,ȱhemorrhage)ȱ(7).ȱToȱdate,ȱonlyȱaȱ
fewȱexperimentsȱhaveȱbeenȱperformedȱusingȱSPECTȱtoȱstudyȱcellȱtrackingȱinȱstrokeȱmodels,ȱ
perhapsȱ becauseȱ ofȱ safetyȱ concernsȱ associatedȱ withȱ theȱ useȱ ofȱ theȱ radioactiveȱ tracerȱ
(209,249,250).ȱȱ
ȱ CellȱdeliveryȱbyȱIVȱrouteȱisȱminimallyȱinvasiveȱandȱhenceȱtheȱmostȱcommonlyȱ
usedȱmethod.ȱAȱnumberȱofȱpreȬclinicalȱstrokeȱstudiesȱhaveȱreportedȱbeneficialȱeffectsȱofȱIVȱ
delivery.ȱHowever,ȱ theȱefficiencyȱofȱ IVȱdeliveryȱ isȱpoorȱbecauseȱveryȱ fewȱ cellsȱ reachȱ theȱ
brainȱandȱtheȱmajorityȱofȱcellsȱbecomeȱtrappedȱinȱinternalȱorgansȱ(124,125).ȱTheȱdistributionȱ
ofȱ111InȬoxineȱlabeledȱhumanȱBMMSCsȱwasȱassessedȱafterȱIAȱinfusionȱinȱMCAOȱandȱshamȱ
rats.ȱTheȱIAȱcellȱdeliveryȱusedȱinȱtheȱpresentȱstudyȱachievedȱhighȱengraftmentȱofȱtheȱcellsȱinȱ
theȱ ischemicȱhemisphere.ȱTheȱIAȱ infusionȱwasȱnotȱassociatedȱwithȱmortalityȱperhapsȱasȱaȱ
resultȱofȱpreservedȱbloodȱflowȱinȱtheȱCCAȱandȱICAȱduringȱtheȱcellȱinfusion.ȱThisȱwasȱalsoȱ
supportedȱ byȱ histologyȱ sinceȱ noȱ cellȱ aggregationȱ wasȱ observedȱ andȱ humanȱ BMMSCsȱ
remainedȱ intravascular.ȱ Immediatelyȱ afterȱ cellȱ delivery,ȱ bothȱMCAOȱ asȱ wellȱ asȱ shamȬ
operatedȱ ratsȱ showedȱ aȱ highȱ signalȱ inȱ theȱ brainȱ indicatingȱ thatȱ theȱ immediateȱ cellȱ
engraftmentȱhadȱnotȱbeenȱassociatedȱwithȱchemotacticȱrecruitmentȱbyȱtheȱ ischemicȱtissue.ȱ
Perhaps,ȱthisȱtransientȱcellȱlocalizationȱwithinȱtheȱcerebrovasculatureȱmightȱbeȱdueȱtoȱsizeȱ
orȱcellȱadhesionȱofȱBMMSCs.ȱInȱcontrastȱtoȱtheȱimmediateȱhighȱcellȱengraftment,ȱ24ȱhȱafterȱ
cellȱ infusionȱ SPECTȱ resultsȱ detectedȱ onlyȱ aȱ relativelyȱ smallȱ signalȱ (<ȱ 1%)ȱ inȱ theȱ brain.ȱ
HistologicalȱstainingȱofȱhumanȱBMMSCsȱalsoȱrevealedȱthatȱonlyȱaȱfewȱscatteredȱcellsȱwereȱ
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presentȱ inȱ theȱ vasculature.ȱAtȱpresentȱ itȱ isȱ notȱ knownȱ howȱ longȱ theȱ cellsȱ remainȱ inȱ theȱ
brain,ȱandȱ ifȱ theyȱsecreteȱbeneficialȱparacrineȱ factorsȱ toȱ injuryȱsiteȱ inȱaȱsufficientȱextentȱ toȱ
enhanceȱ functionalȱ recovery.ȱ Brennemanȱ etȱ al.ȱ (135)ȱ showedȱ thatȱ autologousȱ BMMNCsȱ
withinȱ theȱ brainȱ wereȱ TUNELȱ positiveȱ afterȱ IAȱ infusionȱ suggestingȱ thatȱ theyȱ hadȱ
undergoneȱaȱ rapidȱapoptoticȱprocess.ȱAnotherȱstudyȱconductedȱ inȱaȱmouseȱmodelȱwhereȱ
cellsȱ hadȱ beenȱ deliveredȱwithinȱ theȱ firstȱ 24ȱ hȱ afterȱ hypoxiaȬischemiaȱ indicatedȱ thatȱ theȱ
transplantedȱcellsȱwereȱmoreȱlikelyȱtoȱhadȱbeenȱphagocytosedȱwhichȱmightȱalsoȱaccountȱforȱ
theȱcellȱlossȱ(251).ȱAtȱ24ȱhȱafterȱtheȱcellȱinfusion,ȱaȱhighȱsignalȱwasȱobservedȱinȱtheȱinternalȱ
organsȱwhichȱcouldȱreflectȱtheȱeliminationȱprocessȱasȱbothȱdeadȱandȱlivingȱcellsȱwouldȱbeȱ
eliminatedȱ fromȱ theȱbodyȱviaȱ theȱ liverȱandȱspleen.ȱ Itȱ isȱ importantȱ toȱnoteȱ thatȱ theȱSPECTȱ
signalȱmayȱalsoȱhaveȱoriginatedȱfromȱfromȱcellȱdebris.ȱȱ
Inȱsummary,ȱtheȱpresentȱstudyȱ indicatesȱthatȱtheȱmajorityȱofȱcellsȱwereȱfoundȱ
inȱ theȱ brainȱ immediatelyȱ afterȱ IAȱ infusionȱ disappearingȱ duringȱ theȱ nextȱ 24ȱ h,ȱwhichȱ isȱ
consistentȱwithȱpreviousȱ reportsȱ (122,121,250).ȱ Interestingly,ȱ thisȱ kindȱ ofȱ cellȱ behaviorȱ isȱ
similarȱ toȱ thatȱobservedȱ inȱaȱ studyȱperformedȱusingȱ IVȱdeliveryȱ (226),ȱwhereȱhomingȱofȱ
111InȬoxineȱlabeledȱratȱBMMSCsȱwasȱexploredȱinȱMCAOȱandȱshamȬoperatedȱrats.ȱMostȱofȱIVȱ
transplantedȱBMMSCsȱremainedȱinȱtheȱperipheryȱandȱrelativelyȱfewȱcellsȱwereȱfoundȱinȱtheȱ
brain.ȱTheseȱresultsȱindicateȱthatȱtheȱmajorityȱofȱIVȱinfusedȱcellsȱdidȱnotȱcrossȱtheȱBBBȱ(253)ȱ
orȱhadȱdiedȱsoonȱafterȱenteringȱtheȱbrain.ȱTheȱreasonȱbehindȱdisappearanceȱofȱcellsȱfromȱtheȱ
brainȱ couldȱ beȱ thatȱ cellsȱ areȱ eliminatedȱ afterȱ beingȱ attackedȱ byȱ theȱ immuneȱ rejectionȱ
mechanismsȱ evenȱ thoughȱ theȱ brainȱ isȱ consideredȱ toȱ beȱ immuneȬpriviledgedȱ (254).ȱ Itȱ isȱ
reportedȱthatȱafterȱsystemicȱMSCȱdelivery,ȱtheȱcellsȱbecameȱmechanicallyȱentrappedȱatȱtheȱ
precapillaryȱ levelȱ thusȱcausingȱsignificantȱ reductionȱ inȱ theȱ flowȱwithȱextensiveȱcellȱdeathȱ
(183).ȱItȱwillȱbeȱalsoȱimportantȱtoȱclarifyȱinȱtheȱfutureȱwhatȱareȱtheȱminimumȱorȱmaximumȱ
thresholdsȱofȱcellȱdoseȱafterȱIVȱandȱIAȱdelivery.ȱȱ
6.3 NO EFFECT OF BMMSCS ON SENSORIMOTOR BEHAVIOR FOLLOWING 
MCAO (II) 
TheȱmainȱquestionȱaddressedȱbyȱstudyȱIIȱwasȱwhetherȱtheȱtransientȱlocalizationȱseenȱafterȱ
IAȱdeliveryȱofȱBMMSCsȱcouldȱimproveȱtheȱbehavioralȱoutcomeȱinȱMCAOȱratsȱandȱthusȱtheȱ
animalsȱwereȱ followedȱupȱ toȱ42ȱdays.ȱDuringȱ theȱ followȬup,ȱbehavioralȱperformanceȱwasȱ
studiedȱwithȱtheȱcylinderȱtest,ȱMontoya’sȱstaircaseȱandȱtheȱstickyȱlabelȱtest.ȱAfterȱischemia,ȱ
thereȱwasȱaȱ robustȱ reductionȱ inȱ theȱuseȱofȱ leftȱ forelimbȱobservedȱ inȱallȱofȱ theȱbehavioralȱ
tests.ȱTheȱ impairementȱ appearedȱ toȱbeȱ longȬtermȱ inȱMontoya’sȱ staircaseȱ task,ȱbutȱ inȱ theȱ
stickyȱ labelȱ andȱ cylinderȱ testȱ someȱ spontaneousȱ recoveryȱwasȱ observed.ȱ Interestinglyȱ inȱ
Montoya’sȱstaircaseȱ testȱ theȱ impairmentȱwasȱbilateralȱprobablyȱdueȱ toȱdifficultiesȱ theȱratsȱ
encounteredȱinȱadjustingȱtheȱbodyȱpostureȱwhenȱusingȱnonȬimpairedȱforelimbȱtoȱcompleteȱ
theȱtaskȱ(234).ȱAlthoughȱtheȱbehavioralȱtestsȱusedȱinȱtheȱstudyȱareȱsensitiveȱtoȱtheȱdegreeȱofȱ
injuryȱ(255),ȱaȱconsistentȱcorrelationȱbetweenȱbehaviorȱandȱinfarctȱsizeȱwasȱobservedȱduringȱ
theȱ followȬupȱ onlyȱ inȱMontoya’sȱ staircaseȱ task,ȱwhichȱ suggestȱ thatȱ plasticityȱ andȱ brainȱ
repairȱmakeȱaȱmajorȱcontributionȱtoȱbehavioralȱperformance.ȱȱ
Theȱ IAȱ infusionȱ ofȱ cellsȱ 48ȱ hȱ orȱ 7ȱ daysȱ afterȱMCAOȱ didȱ notȱ achieveȱ anyȱ
improvementsȱ inȱ sensorimotorȱ function.ȱ Restorativeȱ approachesȱ suchȱ asȱ cellȬbasedȱ
therapiesȱ areȱ believedȱ toȱ exertȱ theirȱ positiveȱ effectsȱ byȱ supportingȱ theȱ mechanismsȱ
associatedȱwithȱbrainȱrepairȱ insteadȱofȱreplacingȱ lostȱcellsȱ (154).ȱ Inȱ theȱpresentȱstudy,ȱcellȱ
therapyȱonȱpostȬoperativeȱdayȱ7ȱdidȱenhanceȱtheȱdegreeȱofȱangiogenesisȱinȱtheȱperilesionalȱ
corticalȱarea.ȱThisȱsuggestsȱthatȱtheȱacuteȱinflammatoryȱprocessesȱmayȱbeȱactingȱtoȱreduceȱ
theȱtreatmentȱeffectȱwhenȱtheȱcellsȱareȱinfusedȱaȱshortȱtimeȱafterȱtheȱMCAO.ȱ
ȱ Thereȱ areȱ severalȱ animalȱ studiesȱ thatȱ haveȱ shownȱ someȱ efficacyȱ ofȱ IAȱ cellȱ
infusionȱ andȱ claimedȱ thisȱ hasȱ beenȱ associatedȱwithȱ aȱ behavioralȱ improvementȱ (115,118–
121,128,131,132,251,256).ȱ Inȱ contrast,ȱ here,ȱ theȱ IAȱ deliveredȱ humanȱ BMMSCsȱ didȱ notȱ
improveȱ behavioralȱ performance.ȱ Inȱmostȱ ofȱ theȱ casesȱ theȱ behavioralȱ improvementȱwasȱ
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detectedȱ onȱ theȱ nextȱ daysȱ afterȱ cellȱ infusion.ȱ Thisȱ indicatesȱ thatȱ itȱ isȱ moreȱ relatedȱ toȱ
neuroprotectionȱorȱdueȱtoȱaȱreductionȱinȱinflammatoryȱprocessesȱandȱedemaȱinsteadȱofȱanyȱ
longȬtermȱsensorimotorȱrecoveryȱ(119).ȱȱ
6.4 XENOTRANSPLANTATION OR SECONDARY PATHOLOGY AS REASONS 
FOR LACK OF TREATMENT EFFECT (III, IV) 
Possibleȱ explanationsȱwhichȱmayȱ haveȱ contributedȱ toȱ theȱ lackȱ ofȱ aȱ treatmentȱ effectȱ areȱ
discussedȱbelow.ȱTheȱ firstȱoneȱ isȱxenotransplantation.ȱ Inȱanȱ allogeneicȱ setting,ȱMSCsȱ areȱ
believedȱ toȱbeȱ immuneȬpriviledgedȱsinceȱtheyȱdoȱnotȱexpressȱMHCȬIIȱorȱ ȱ toȱseveralȱotherȱ
coȬstimulatoryȱmoleculesȱwhichȱ areȱ neededȱ forȱmountingȱ anȱ effectiveȱ immuneȱ responseȱ
(257,258).ȱ Inȱ theȱ xenogeneicȱ setting,ȱ itȱ isȱ likelyȱ thatȱ theȱ infusedȱ cellsȱ mayȱ elicitȱ anȱ
immunologicalȱresponseȱandȱthisȱwillȱresultȱinȱtheirȱrapidȱdestruction.ȱNevertheless,ȱitȱhasȱ
beenȱ reportedȱ thatȱMSCsȱ couldȱ engraftȱ andȱworkȱ effectivelyȱ inȱ severalȱ differentȱ crossȬ
speciesȱmodels,ȱsuggestingȱthatȱtheseȱcellȱtypesȱdoȱnoȱencounterȱtheseȱxenobarriersȱ(259).ȱItȱ
hasȱ alsoȱ beenȱpostulatedȱ thatȱ afterȱ transplantation,ȱ bothȱ ratȱ allogenicȱ andȱ humanȱMSCsȱ
induceȱ onlyȱ aȱweakȱ immuneȱ responseȱ inȱ theȱ ratȱ striatumȱ (260).ȱHowever,ȱ theȱ presentȱ
studiesȱlackȱappropriateȱandȱpreciseȱcomparisonȱofȱkinetics,ȱimmunologicalȱresponsesȱandȱ
therapeuticȱ effectȱ orȱ validȱ comparativeȱ studiesȱ betweenȱ humanȱ vs.ȱ homologusȱ rodentȱ
MSCsȱinȱpreclinicalȱmodels.ȱMostȱprobablyȱtheȱtherapeuticȱefficacyȱofȱMSCsȱcouldȱbeȱmoreȱ
obviousȱinȱaȱhomologusȱmodelȱparticularlyȱwhenȱdemandingȱbatteryȱofȱtestsȱareȱappliedȱasȱ
outcomeȱmeasure.ȱȱ
StudyȱIIIȱutilizedȱSPECTȱimagingȱtoȱrevealȱthatȱthereȱwasȱefficientȱentrapmentȱ
ofȱbothȱhumanȱandȱratȱBMMSCsȱ inȱ theȱbrainȱ immediatelyȱafterȱIAȱ transplantationȱ inȱ thisȱ
experimentalȱmodelȱ ofȱ stroke.ȱ Theȱ dataȱ indicatedȱ thatȱ xenotransplantationȱ hasȱ aȱmajorȱ
effectȱonȱclearanceȱofȱcellsȱfromȱtheȱbrain.ȱOverall,ȱtheȱclearanceȱwasȱfast,ȱbutȱhumanȱcellsȱ
disappearedȱmuchȱmoreȱ quicklyȱ thanȱ ratȱ cells.ȱ Theȱ disappearanceȱ ofȱ theȱ cellsȱ couldȱ beȱ
relatedȱ toȱ eitherȱ apoptosisȱ orȱ phagocytosisȱ (135,251).ȱ Anotherȱ explanationȱ forȱ thisȱ
differentialȱ clearanceȱ couldȱbeȱ thatȱhumanȱ cellsȱ induceȱanȱ immunologicalȱ responseȱmoreȱ
promptlyȱ thanȱ ratȱ cellsȱandȱ thisȱmayȱ resultȱ inȱaȱ rapidȱ rejectionȱandȱ removalȱofȱ theȱ cellsȱ
(261).ȱAȱfunctionalȱrecoveryȱhasȱbeenȱachievedȱwithȱhumanȱBMMSCsȱinȱaȱratȱstrokeȱmodelȱ
regardlessȱofȱwhetherȱorȱnotȱ theȱ cellsȱhadȱ inducedȱ immunologicalȱ reactionsȱ (87,262,263).ȱ
Yangȱetȱal.,ȱ(263)ȱshowedȱthatȱsystemicȱadministrationȱofȱhumanȱorȱratȱMSCȱwasȱeffectiveȱ
inȱenhancingȱmotorȱ recoveryȱ inȱ strokeȱ ratsȱevenȱ thoughȱveryȱ fewȱcellsȱwereȱobservedȱ inȱ
brain.ȱThisȱcanȱbeȱexplainedȱbyȱtheȱfactȱthatȱMSCsȱexertȱaȱtherapeuticȱeffectȱthroughȱaȱ“hitȱ
andȱdie”ȱmechanism,ȱi.e.,ȱtheyȱmakeȱaȱfasterȱmigrationȱtoȱtheȱtargetȱorganȱandȱthenȱthisȱisȱ
followedȱbyȱrapidȱclearanceȱandȱ theȱreleaseȱofȱ ȱ therapeuticȱmoleculesȱduringȱ thatȱprocessȱ
withoutȱevokingȱmajorȱcomplicationsȱsuchȱasȱmicroȬocclusion.ȱ Inȱsuchȱaȱcase,ȱxenogeneicȱ
cellsȱcouldȱalsoȱexistȱforȱaȱsufficientȱtimeȱtoȱbeȱtherapeuticallyȱactiveȱevenȱthoughȱtheyȱareȱ
rapidlyȱrejected.ȱHowever,ȱitȱisȱlikelyȱthatȱallogeneicȱcellsȱwillȱbeȱultimatelyȱrejectedȱbutȱthisȱ
canȱmeanȱ thatȱ thereȱwillȱbeȱ lessȱ longȱ termȱ riskȱ associatedȱwithȱ thisȱkindȱofȱ cellȱ therapyȱ
(264,265).ȱInȱsummary,ȱstudyȱIIIȱhighlightsȱtheȱmoreȱrapidȱclearanceȱofȱhumanȱcellsȱthanȱratȱ
cellsȱ fromȱ theȱ hostȱ brain,ȱ andȱ thisȱmayȱ haveȱ contributedȱ toȱ theȱ lackȱ ofȱ treatmentȱ effectȱ
encounteredȱinȱstudyȱII.ȱȱ
Anotherȱ factorȱ contributingȱ toȱ theȱ failureȱ toȱdetectȱpositiveȱ treatmentȱ effectsȱ
couldȱ beȱ secondaryȱ pathologyȱ inȱ theȱ thalamusȱ afterȱMCAO.ȱ Delayedȱ degenerationȱ ofȱ
ascending/descendingȱ fibers,ȱ cellȱ death,ȱ gliosisȱ andȱ atypicalȱ accumulationȱ ofȱ AEȱ andȱ
calciumȱinȱtheȱthalamusȱmayȱimpairȱtheȱsensoryȱinformationȱflowȱandȱbehavioralȱrecoveryȱ
(266).ȱThus,ȱitȱwasȱimportantȱtoȱclarifyȱwhetherȱcellȱtherapyȱcouldȱprovideȱneuronalȱand/orȱ
axonalȱsupportȱandȱpreventȱsecondaryȱpathologyȱinȱtheȱthalamus.ȱStudyȱIVȱdemonstratedȱaȱ
surprisingȱelevationȱofȱanȱatypicalȱAEandȱcalciumȱaccumulationȱinȱtheȱthalamusȱbutȱonlyȱ
whenȱcellsȱwereȱtransplantedȱatȱ48ȱhȱafterȱMCAO,ȱandȱthisȱwasȱassociatedȱwithȱ impairedȱ
behavioralȱ performance.ȱ Theȱ transientȱ localizationȱ ofȱ cellsȱ inȱ theȱ perilesionalȱ tissueȱwasȱ
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evidentȱafterȱIAȱdelivery,ȱandȱthisȱmayȱhaveȱactivatedȱcorticothalamicȱneuronsȱandȱleadȱtoȱ
theȱ overflowȱ ofȱ AEȱ andȱ calciumȱ fromȱ corticothalamicȱ fibersȱ andȱ sequentiallyȱ toȱ aȱ
deteriorationȱ inȱ theȱsecondaryȱpathology.ȱThus,ȱalthoughȱ thalamicȱpathologyȱseemsȱ toȱbeȱ
rodentȱ specificȱ (264,265),ȱ itȱ shoudȱbeȱ takenȱ intoȱaccountȱasȱaȱpossibleȱconfoundingȱ factorȱ
influencingȱtheȱtreatmentȱeffectsȱinȱexperimentalȱstrokeȱmodels.ȱ
6.5 TRANSLATIONAL ISSUES AND FUTURE DIRECTIONS 
TheȱrecentȱmetaȬanalysisȱofȱpreclinicalȱstudiesȱofȱMSCsȱforȱischemicȱstrokeȱrevealedȱthatȱ44ȱ
outȱofȱaȱtotalȱofȱ46ȱstudiesȱreportedȱsignificantlyȱimprovedȱmultipleȱoutcomeȱmeasuresȱwithȱ
largeȱeffectȱsizesȱ (6).ȱTheȱresultsȱ fromȱ theseȱpreclinicalȱstudiesȱwereȱrobustȱacrossȱseveralȱ
modelȱ species,ȱ speciesȱ fromȱwhichȱ theȱMSCsȱoriginated,ȱdeliveryȱ route,ȱ timeȱofȱdelivery,ȱ
degreeȱ ofȱ immunogenicity,ȱ cellȱ dose,ȱ andȱ theȱ presenceȱ ofȱ coȬmorbidities.ȱ Thisȱ hasȱ beenȱ
takenȱ asȱ supportȱ forȱ theȱhypothesisȱ thatȱ theȱbenefitsȱ seenȱ inȱ animalȱ experimentsȱ canȱbeȱ
translatedȱintoȱtreatmentȱofȱischemicȱstrokeȱinȱtheȱclinic.ȱHowever,ȱevenȱthoughȱtheȱresultsȱ
inȱ theȱ presentȱ studyȱ detectedȱ efficientȱ homing,ȱ butȱ thisȱ wasȱ notȱ accompaniedȱ byȱ anyȱ
behavioralȱ improvement.ȱ Moreover,ȱ theȱ problemsȱ associatedȱ withȱ studyȱ designȱ andȱ
implementationȱ(269),ȱbehavioralȱoutcomeȱmeasuresȱ(148)ȱusedȱtoȱassessȱtheȱefficacyȱofȱcellȬ
basedȱ therapies,ȱ andȱ theȱ possibilityȱ ofȱ publicationȱ biasȱ (i.e.,ȱ negativeȱ resultsȱ remainȱ
unpublished)ȱ(270),ȱallȱhaveȱbeenȱhighlighted.ȱThusȱtheȱsituationȱmayȱnotȱbeȱasȱclearȬcutȱasȱ
claimedȱinȱtheȱmetaȬanalysisȱ(6).ȱȱ
Atȱ present,ȱ twoȱ differentȱ clinicalȱ studiesȱ haveȱ exploitedȱ SPECTȱ toȱ trackȱ theȱ
cellsȱandȱtheȱfeasibilityȱofȱIAȱinfusionȱofȱBMMNCsȱhasȱbeenȱevaluatedȱinȱ13ȱstrokeȱpatientsȱ
(215,216,268,246,269).ȱ Remarkably,ȱ inȱ theseȱ studiesȱ alsoȱ massiveȱ homingȱ ofȱ cellsȱ intoȱ
filteringȱ organsȱwasȱ observed.ȱFurthermore,ȱ aȱpilotȱ clinicalȱ trialȱ toȱ assessȱ theȱ safetyȱ andȱ
feasibilityȱ ofȱ autologousȱ BMMNCsȱ transplantationȱ inȱ patientsȱ withȱ strokeȱ hasȱ beenȱ
completed.ȱ Itȱ reportedȱ thatȱ IAȱ deliveryȱ ofȱ BMMNCsȱ inȱ subacuteȱ ischemicȱ strokeȱ wasȱ
feasibleȱandȱseemedȱtoȱbeȱsafeȱ(273).ȱAllȱofȱtheseȱclinicalȱstudiesȱhaveȱusedȱaȱmononuclearȱ
cellȱpopulationȱandȱ theseȱ typesȱofȱcellȱhaveȱaȱsmallerȱsize.ȱ Itȱ isȱnecessaryȱ toȱ improveȱ theȱ
knowledgeȱofȱ theȱmechanismsȱ responsibleȱ forȱcellȱhomingȱandȱ theirȱassociationȱwithȱ theȱ
functionalȱ effectsȱ ofȱ cellȱ therapies.ȱ Inȱ summary,ȱ theȱ resultsȱ reportedȱ hereȱ suggestȱ thatȱ
cautionȱ isȱwarrantedȱ regardingȱ theȱ swiftȱ translationȱ ofȱMSCsȱ forȱ ischemicȱ strokeȱ intoȱ aȱ
clinicalȱpracticeȱandȱconsiderablyȱmoreȱpreclinicalȱstudiesȱwillȱbeȱneededȱbeforeȱitȱbecomesȱ
aȱreality.ȱȱ
Futureȱ preclinicalȱ strokeȱ studiesȱ shouldȱ beȱ designedȱ toȱ revealȱ theȱ
circumstancesȱunderȱwhichȱ cellȬbasedȱ therapiesȱusingȱ IAȱ routeȱ canȱ exertȱ benefitsȱ beforeȱ
theseȱkindsȱofȱ approachesȱ canȱ enterȱ intoȱ clinicalȱ trials.ȱThus,ȱ itȱ isȱ importantȱ toȱ takeȱ intoȱ
accountȱmanyȱkeyȱfactorsȱȱencounteredȱinȱtheseȱtypesȱofȱexperimentsȱe.g.,ȱcellȱpreparationȱ
andȱpreservation,ȱstrokeȱmodels,ȱ imagingȱoutcomeȱmeasuresȱandȱstrategiesȱrelatedȱ toȱ theȱ
functionalȱassessment.ȱTheseȱareȱallȱkeyȱfactorsȱwhichȱhaveȱvariedȱsignificantlyȱorȱthatȱhaveȱ
notȱ beenȱ takenȱ intoȱ considerationȱ whenȱ comparingȱ resultsȱ fromȱ differentȱ researchȱ
laboratories.ȱMoreȱinternationalȱcollaborationȱinȱpreclinicalȱstrokeȱresearchȱwouldȱbeȱoneȱofȱ
theȱbestȱoptionsȱtoȱovercomeȱtheȱroadblocksȱinȱtheȱtranslationȱfromȱbenchȱtoȱbedside.ȱThereȱ
haveȱbeenȱappealsȱmadeȱforȱthisȱkindȱofȱinternationalȱcoȬoperationȱinȱexperimentalȱstrokeȱ
researchȱ (270,271).ȱMultiȱ centreȱpreclinicalȱ collaborationsȱwillȱalsoȱassistȱ inȱ standardizingȱ
experimentalȱprotocolsȱandȱtoȱhopefullyȱreduceȱtheȱvariabilityȱinȱexperiments.ȱȱ
Theȱ issuesȱaddressedȱ inȱ theȱpresentȱstudyȱsuchȱasȱ theȱ impactȱofȱxenograftingȱ
onȱcellȱclearanceȱcanȱbeȱexploitedȱinȱfutureȱpreclinicalȱexperimentsȱsuchȱasȱthatȱreportedȱbyȱ
GutiérrezȬFernándezȱ etȱ al.,ȱ (276),ȱ andȱ similarȱ studiesȱ willȱ beȱ neededȱ toȱ completeȱ theȱ
controlledȱ comparativeȱ analysisȱ ofȱ allogeneicȱ v.s.ȱ humanȱ MSCsȱ inȱ strokeȱ models.ȱ
Homologousȱmodelsȱmayȱ offerȱ theȱmostȱ relevantȱ systemȱ forȱ proofȬofȬconceptȱ trials.ȱ Inȱ
addition,ȱ oneȱ unconsideredȱ issueȱ inȱ rodentȱ MCAOȱ modelsȱ isȱ secondaryȱ pathologyȱ
occurringȱ inȱ theȱ thalamus,ȱ whichȱ mightȱ wellȱ complicateȱ theȱ assessmentȱ ofȱ cellȬbasedȱ
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therapiesȱandȱotherȱrestorativeȱtherapiesȱandȱthisȱisȱaȱfactorȱthatȱwillȱneedȱtoȱbeȱtakenȱintoȱ
accountȱwhileȱstandardizingȱtheȱprotocols.ȱȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
46


ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
ȱ
47


7ȱConclusionsȱ
Itȱcanȱbeȱconcludedȱfromȱtheȱpresentȱstudies:ȱ
ȱ ȱ
1. IntraȬarterialȱ transplantationȱ ofȱ humanȱ BMMSCsȱ throughȱ theȱ ECAȱ isȱ anȱ efficientȱ
deliveryȱrouteȱinȱtheȱexperimentalȱmodelȱofȱstroke.ȱHowever,ȱhumanȱBMMSCsȱwereȱ
onlyȱ transientlyȱ localizedȱ inȱ theȱ ratȱ brainȱ afterȱ IAȱ delivery.ȱThisȱ isȱ similarȱ toȱ theȱ
transientȱlungȱentrapmentȱencounteredȱafterȱIVȱinfusionȱ(I).ȱȱ
ȱ
2. However,ȱ theȱ cellsȱ administeredȱ intraȬarteriallyȱ didȱ notȱ improveȱ theȱ functionalȱ
outcomeȱwhenȱstrictȱbehavioralȱtestsȱwereȱappliedȱasȱtheȱoutcomeȱmeasureȱ(II).ȱAfterȱ
IAȱ infusion,ȱperilesionalȱangiogenesisȱwasȱenhancedȱ inȱMCAOȱ ratsȱwhenȱ theȱcellsȱ
wereȱ deliveredȱ atȱ sevenȱ daysȱ afterȱ theȱ experimentalȱ ischemia.ȱ Therefore,ȱ IVȱ
transplantationȱ remainsȱ anotherȱ promisingȱ alternativeȱ toȱ enhanceȱ functionalȱ
recoveryȱafterȱstroke.ȱȱ
ȱ
3. XenograftingȱexertedȱanȱimpactȱonȱtheȱclearanceȱofȱBMMSCsȱfromȱbrain.ȱThereȱwasȱ
moreȱrapidȱrelocationȱofȱhumanȱBMMSCsȱcomparedȱtoȱratȱBMMSCsȱtoȱtheȱinternalȱ
organsȱ(III).ȱSinceȱtheȱxenograftedȱcellsȱoriginatedȱfromȱaȱdifferentȱspeciesȱthanȱtheȱ
rat,ȱthisȱdifferenceȱmayȱhaveȱcontributedȱtoȱtheȱlackȱofȱbehavioralȱrecovery.ȱ
ȱ
4. SubacuteȱhumanȱBMMSCsȱdeliveryȱbyȱIAȱrouteȱenhancedȱtheȱatypicalȱaccumulationȱ
ofȱAEȱandȱcalciumȱinȱtheȱthalamusȱ(IV).ȱThisȱunexpectedȱeffectȱmightȱalsoȱhaveȱhadȱ
anȱeffectȱonȱtheȱlackȱofȱanyȱbehavioralȱrecovery.ȱ
ȱ
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